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ABSTRACTS 

Problems of the Reliability of Man in Spacecraft Control Systems. P.K. Isakov, 
V. A. Popov, M. M. Sil’vestrov. Problems in Space Biology, Vol. 7, p. 3, 
1967. 

The operator-spacecraft system, a closed multicircuit system, is dis- 
cussed. The need for a wide use of terrestrial laboratories for the investiga- 
tion of the reliability and efficiency characteristics of the operator is stressed. 
The basic problems for solution by means of models of the man-machine sys- 
tem, simulating not only the control process but also conditions creating the 
particular state of the mtm-operator, are noted, Refs. 4. 

Some Aspects of Activity of Sensory Systems as Applied to Problems of Space 
Physiology. V. D. Glezer, V. A. Koslyakov, V. A. Kozhevnikov, V. N. 
Chernigovskiy, L. A. Chistovich. Problems in Space Biology, Vol. 7, 
p. 8, 1967. 

Problems connected with the obtaining and processing of information and 
the diagnosis of sensory forms are discussed. Experimental data are presented 
on orientation in space, diagmsis 6f visual forms and of the sounds of speech. 
These problems are analyzed a$ they apply to spacecraft control. Figs. 8. 

Psychophysiological Characteristics of the Solution of Motor Problems by Man. 
N.A. Rokotova. Problems in Space Biology, Vol. 7, p. 22, 1967. 

quences was studied, Grouping is the central mechanism of operational pro- 
grams, and the group of actions is an element of the operational program. The 
temporal organization of a sequence of human actions is examined. During fre- 
quent repetition of a series of learned movements the performance time, both of 
the whole series and of its component groups of movements and separate motor 
acts, varies within small limits. The argument is put forward that the temporal 
organization of human actions is colinected with the presence of an internal 
rhythmic process assigning the? regular thythrn of work. Tables 5. Figs. 10, 
Refs. 34. 

Grouping of motor acts during learning and performance of assigned se- 

On Certain Features of hograrrimirlg a Sequence bf Human Actions. N. A. Ro- 
kotova, I.M. Gorbunorn. Pk6blel;Jns in Space Bioldgy, Vol. 7, p. 51, 1967. 

The role of grouping in learning and performance of an ordered sequence 
of human actions was studied. &+dupifig d6teWines both the course of learning 
and the character of performance of the sequence of actions. It is postulated 
that a group of actions describable by a common charackristic is an element 
of the operational program. Tables 6. Figs. 3. Refs. 7. 

Nerve Control of the Tempo of Motion in Man and Possible Methods of Repre- 
senting Time in the NBrvous SysZem. N. A. Rokotova. Problems in Space 
Biology, Vol. 7, p. 64, 1967. 

ined as  a control over two functions. The first of these describes the level of 
maintenance of the tempo. The second function alters the tempo. The normal 
human adult can maintain any performance tempo of his own choice with 

Control of the tempo of movemefits by the human nervous system is exam- 
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great precision. A change in tempo by a certain amount and maintenance of 
the new tempo are possible. The accuracy of performance, describable as  
6t/t = const. , while a change in tempo by a minimal amount , describable as 
At , is controlled by a function bearing a logarithmic relationship to the origi- 
nal tempo. Tables 3. Figs. 5. Refs. 11. 

Organization of a System of Actions in the Case of Random Alternittion of Signals. 

The object of this investigation was to study how man organizes a sys- 
Ye. S. Rogovenko. Problems in Space Biology, Vol. 7, p. 75, 1967. 

tem of four actions (pressing on keys arranged in a row) under, the conditions 
of a random order of two equally probable signals, when two actions were con- 
nected with each signal. 

seeking rules for their choice of decisions. At first they divided all the actions 
into two groups connected with qach signal, then established rules for changes 
between actions within the limits of the group on repetition of the signals, 
while at the end of learning rules were formed for changes between actions be- 
longing to different groups with a change in the signal. When establishing con- 
nections between actions the subjects combined changes performed with the 
same order of the signals into a rule for working with this order. The phenome- 
non of transfer of the rule of working established for repetition of one signal to 
the case of repetition of the other signal was observed in most subjects. Tables 
2. Figs. 3. Refs. 11. 

Organizing a System of Actions with Random Alternation of Signals, Search and 
Choice of Actions. Ye. S. Rogovenko. Problems in Space Biology, Vol. 7, 
p. 84, 1967. 

To organize their dystem of actions all the subjects used the method of 

The object was to examine how man forms a system of actions under the 
conditions of a random order of two equally probable signah if allowed to 
choose his own concrete actions and switch from one to another. Subjects were 
instructed to work at a problem on a switchboard with 12 keys arranged 4 in a 
row. 

During training most subjects reduced the number of their actions to 4. 
The design of the switchboard enabled the subjects to organize a system of 
actions in a two-dimensional space, During formation of a systeln of actions 
under these conditions the subjects used the method of seeking reference points 
and switching between them so as  to compose a complete symmetrical figure 
on the surface of the switchboard. Table 1. Figs. 4. Refs. 5. 

Comparative Speeds and Variability of Motion of the Fingers of Man. I. D. Bogina. 
Problems in Space Biology, Vol. 7, p. 94, 1967. 

Movements of each finger (tapping on a teletype switchboard) of both hands 
by 3 subjects at three speeds chosen by the subjects were studied: fast, opti- 
mal, slow. Essential differences were found between the intervals of the mean 
duration of the movements at different speeds. High correlation exists between 
the various fingers of the subject's two hands at a given speed. Great similarity 
also is found between mean values of duration of movements by different subjects 
at a given speed. There are grounds for supposing that the movement cycle is a 
more highly organized interval than its component elements, and that for rapid 
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and optimal imprinting the interval of the movement cycle is evidently assigned. 
Tables 8. Fig, 1. Refs. 8. 

Effector Activity of a Human Being in Fixing Performance Time. I. M. Gorbunova and 
N.A. Rokotova. Problems in Space Biology, Vol. 7, p. 109, 1967. 

In investigations on human subjects performing a sequence of actions in 
a set time interval high accuracy of work was found. The error of performance 
did not exceed 5% of this interval. The error  committed during performance of 
the sequence could be compensated in the next operation. The presence of 
compensation depends on the magnitude of the error  but not on its sign. Com- 
pensation of error took place by a change in work tempo, i. e. , by a change of 
a definite amount in the movement cycle either throughout the sequence or in 
its first and second halves. 

with two-dimensional tracking of signals conveying information about time-an 
external signal and the frequency of the subject's own movements. Tables 8. 
Figs. 5. Refs. 15. 

It is postulated that the mechanism of compensation of errors is associated 

Characteristics of the Biomechanics of Elementary Human Motion Under the Condition 
of Weightlessness and G-Loading. L. V, Chkhaidze, I. A. Kolosov, V. I. Lebedev, 
I. F. Chekirda, A. V. Yeremin, A. D. Burchuladze, V. I, Stepantsov. Prob- 
lems in Space Biology, IVol. 7, p. 129, 1967. 

Under conditions of brief (not more than 30 sec) weightlessness and during 
overloads (not exceeding 2 units, duration 15-1 8 sec), the biomechanics of hu- 
man movements (slow flexion and extension of the elbow and of the laden and un- 
laden hand, slow flexion and aimed extension of the same joint and rapid flexion 
and sudden, maimed extension in the same joint) was studied cyclogrammetri- 
cally. 
corresponding elements of the coordinated structure of the studied movements 
falls to 50%, and in overloads of up to 2 units it rises. Increased activity of the 
nervous centers correcting performance of skilled movements is observed. 
Figs. 6. Refs. 7. 

In weightlessness the actual muscular effort needed to perform the 

The State and Efficiency of a Human Being During Prolonged Confinement in a Space- 
craft Simulator (S.G. Zharov, A. Ye. Baykov, 1.1. Kas'yan, A.P. Kuz'minov, D. 6. 
Makrtmov, V,F, Onirhchenko, and V.A. Popov). Problems in Space Biology, 
VQ~, 7, p. 141, 1967, 

Data for the general state A d  working ability of man during a 12-day stay 
in a simulated spacecraft are described. Reliability of the work of man as an 
operator falls under these conditions. Changes are observed also in his general 
state (stagnant exaltation of the a-rhythm, decrease in amplitude of ECG waves, 
slowing of 'atrioventricular conduction, diminution of bioelectrical activity of 
muscles, weakening of the orienting reflex, and so on). Changes are particu- 
larly marked if the subjects, after the experiment, were exposed to overloads 
on a centrifuge or did physical exercises by running on a moving tract. Figs. 
4. Refs. 16. 
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Maintenance of a Given Static Force While the Force of Gravity is Transformed. 
M.A. Cherepakhin. Problems in Space Biology, Vol. 7, p. 151, 1967. 

A human skilled movement was studied experimentally during flights by 
a jet aircraft along a parabola of weightlessness.. 

Maintenance of a static effort during periodic transformation of gravita- 
tional force in the presence of visual control took place accurately, but in the 
absence of such control accuracy of maintenance of the assigned effort de- 
pended on the subjects’ body weight. During exposure to overloads a tendency 
was observed for the effort to increase if the overload vector coincided with 
the direction of effort, but in weightlessness the effort was reduced. The bio- 
electrical activity of the investigated muscles increased slightly during over- 
loads of under 1.5-2 units and during performance under visual control, but 
rose sharply in weightlessness. Biopotentials of the postural muscles de- 
creased sharply in weightlessness but rose slightly during overloads. Table 
1. Figs. 2. Refs. 3. 

Contribution to the Problem of Oculogravic Illusion. L. A. Kitayev-Smyk. 

It is suggested that oculogravic illusions arise as a result of afferent 
Problems in Space Biology, Vol. 7, p. 157, 1967. 

impulses denoting changes in the oculomotor apparatus compensating tonic in- 
fluences of gravity receptors .on it. The oculogravic illusion is regarded as part 
of an illusory distortion of visually perceived space arising under the influence 
of gravitation. Fig. 1. 

Optical Illusions in Man in the Case of Weightlessness and of the Combined Effects 
of Weightlessness, Angualr and Coriolis Acceleration, L. A. Kitayev-Smyk. 
Problems in Space Biology, Vol. 7, p. 162, 1967. 

The onset of illusory changes in the form of visual objects in a number of 
subjects is described during weightlessness created in an aircraft during flights 
along a parabolic trajectory. With the onset of partial weightlessness im- 
mediately after absence of gravitational force, these illusions disappeared. 
During the combined action of weightlessness and radial or Coriolis accelera- 
tion the visual illusions in some subjects were of a special character. On the 
basis of comparison of illusions described in this work with known clinical and 
experimental data a possible mechanism is suggested for the visuJ disturbances 
arising in weightlessness. Fig. 1. 

Physiological- Hygienic Evaluation of the Life- Support Systems of the “Vostok” and 
‘~Voskhod” Spacecraft. G. I. Voronin, A. M. Genin, A. G. Fomin. Problems in 
Space Biology, Vol. 7, p. 170, 1967. 

Hygienic and technical problems of life support in spacecraft are analyzed. 
The life-support system described maintained the parameters of the gaseous 
medium within limits of: pressure from 750 to 755 mm Hg, temperature from 
t-19 to +20°, humidity from 62 to 69%, O2 concentration from 21 to 22%, C02 

from 0.4 to 0.6%. Table 1. Figs. 3. 
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Effect on the Organism of Prolonged Confinement (100 days) in a Pure Oxygen 
Atmosphere at Overall Pressure of 198 mm Hg. N. A. Agadzhanyan, Yu. P. 
Bizin, G. P. Doronin, A. G. Kuznetsov, A. R. Mansurov. Problems in Space 
Biology, Vol. 7, p. 181, 1967. 

Hygienic and phySiological aspects of a long stay in an atmosphere of pure 
oxygen are  discussed. Ac&l experimental data relating to a stay of 100 days 
in an atmosphere of pure oxygen With a total pressure of 198 mm Hg are given. 
Refs. 12. 

Certain Functions of the Central Nervous System and Gas Exchange During Prolonged 
' 

Confinement of Animals in a Hyperoxic Helium Environment. A.G. Zhironkin, 
G.V. Troshikhin. Problems inSpace Biology, Vol. 7, p. 189, 1967. 

Defensive conditioned reflexes were studied in mice during a stay of 20 
days in an atmosphere rich in oxygen (60%)). Considerable delay in conditioned 
reflex formation was found in animals kept in a heliurn-oxygen medium. Figs. 
2. Refs. 11. 

Human Reaction to Hypoxia and Hypercapina When Breathing Nitrogen and Helium- 
Oxygen Mixtures. I. S. Breslav, Ye. N. Salatinskaya. Problems in Space Biology, 
Vol. 7, p. 193, 1967. 

The investigation was carried out on men and women aged 18-25 years, 
using the gas-preferendum method. Under normal and hypoxic conditions the 
subjects preferred helium mixtures. They reacted negatively to a mixture 
with 2.5-6% C02 in an atmosphere of helium, but not to it in an atmosphere of 
nitrogen. Tables 2. Figs. 2, Refs. 9. 

Physiological Effect of the Replacement of Nitrogen in the Ai r  by Helium in  t h  
Case of Oxygen Deficiency and High CQ2 Concentrations. A. G. Dianov. Problems 

in Space Biology, Vol. 7, pL 200, 1967. 
During the experiment the body temperature, respiration rate and pulse 

rate were measured. Replacement of the nitrogen of the air by helium had a 
beneficial efgect OII the responses of the animals under conditions of hypoxia and 
hypercapnia. Tables 3. Figs. 5. Refs. 16. 

Some Peculiarities Q€ the Speech hact ion in a Changed Gas Medium. V. S. Kuznet- 
SQV. Problems in Space Bblogy, Vol. '7, p. 211, 1967. 

The characteristics of Speech formation were investigated in subjects 
staying for 10-22 days in a helium-oxygen atmosphere. In a medium containing 
21% oxygen, 2-4% nitrogen and up to 75% helium, speech showed an increase 
on the average of 0.7 octave in the pitch of formants and a fairly high degree of 
punctiliousness, which is attributed to the richness of the Russian language, 
and it is maintained by the high intensity of acoustic and vocal compensatory 
mecbnisms. Table 1. Fig. 1. Refs. 9. 



Respiration of Oxygen at High Presswe, Features of md Training for Such Respira- 
tion and the Physiological Basis. V. A. Skrypin. Problems in Space Biology, 
Vol. 7, p. 217, 1967. 

A critical analysis of the problem of oxygen breathing under increased 
pressure is given. The physiological basis of the training program is discussed. 
Refs. 12. 

The Effect of Physical Training Under Normal and Increased Partial Oxygen Pressure 
on the Stability of White Mice to Transverse Gravitational Acceleration and Hypoxia. 
P. V. Vasil'yev, N. N. Uglova. Problems in Space Biology, Vol. 7, p. 226, 1967. 

Static or dynamic physical training is an effective method of increasing 
resistance of the body to the action of radial accelerations and to a lowered 
partial pressure of oxygen. Particularly high survival rates were obtained 
when physical training was combined with exposure to hypoxia. Tables 6. 
Refs. 22. 

Effect of a Different Rate of Growth of Anoxia on theivegetative Functions and Bio- 
electric Activity of the Brain of a Developing Organism. I. G. Dallakyan, G. M. 
Nikitina. Problems in Space Biology, Vol. 7, p. 834, 1967. 

autonomic functions (respiration and cardiac activity) during development of 
hypoxia at two rates (1 and 15 m/sec) in animals of different ages. In young 
rabbits (not more than 2Q days old) at the rate of 2 m/sec the altitude ceiling 
is 13,000 m, and at 15 m/sec 11,000 m. This difference diqFppears with age. 
At the rate of 2 m/sec respiration is affected first, then bioelectriqal activity 
of the brain, followed by cardiac activity. At  15 m/sec this order waki found 
only in older animals. In the early stage of ontogenesis wtonomic changes 
arise simultaneously. In older rabbits at the rate of 15 m/sec, prafaund qual- 
itative changes were found in the ECG. Figs. 6. Refs. 15. 

The Influence on Man of a Long Stay Under Conditions of Reduced Barometric 
Pressure and Relative Isolation. D. I. Ivanov, V. B. Malkin, I. N. Cher- 
nyakov, V.V. Popkov, Ye.1. Popkov, A.B. Flekkel', G.A. Arutyunov, 
V.G. Tersnt'yev, P.V. Buyanov, G.G. Sturua, N.A. Vorob'yev. Prob- 
lems in Space Biology, Vol. 7, p. 246, 1967. 

Dynamics of EEG changes was studied in rgtbbitr% in relation to changes in 

The effect of a long (from 10 to 30 days) stay by two persons 
2 small pressure chamber (5 m ) was studied. Altogether 7 subjects took part in 

the experiments. The partial pressure of oxygen in the pressure chamber was 
maintained between 150 and 200 mm Hg, and of carbon dioxide between 2 and 14 
mm Hg. The total gas pressure in the chamber (02, GO2, N2, water vapor) 
corresponded to altitudes\ of 3000, 5000, and 7000 m. For each subject a spe- 
cific program of daily activity was assigned. Frequency characteristics of the 
EEG were within limits of diurnal physiological variations. On the ECG the 
cardiac axis was displaced to the left (at an altitude of 7000 m). The pulse rose 
regularly, on the average by 10-15 beats/min, and excitability of the cardio- 
vascular system was increased. Basal metabolism fell by 15-20%. The content 
of 17-hvdroxycorticosteroids in the 24-hour urine increased. The serum 

xiii 



albumin fraction was increased and the globulins decreased. A program based 
on waking at night was less favorable. Table 1. Figs. 8. Refs. 8. 

Effect of Adaptation to High Mountain Conditions on Human Resistance to Acute Hypoxia 
and High,. Temperature. V. B . M a i n ,  G. D . Yukhnovskiy . Problems in 
Space Biology, Vol. 7, p. 257, 1967. 

The effect of adaptation to high altitudes (2000-4200 m) on resistance to 
acute hypoxia and a high external environmental temperature (+70°) was studied 
in clinically healthy young men. 

After a stay in the mountains, an increase in the altitude ceiling was found 
in 13 of 15 subjects in the mountains for the first time when raised by degrees in 
the pressure chamber. The increase amounted to 1000-20,000 m. This effect 
was absent in mountaineers shown by a control investigation to possess high 
background resistance. After their return from the mountains most of the sub- 
jects showed a slight decrease in resistance to high external environmental 
temperatures. Table 1. Figs. 2. Refs. 6. 

Adaptation to Hypoxia as a Means of Increasing Human Resistance to Radial Accelera- 
tion. A. R. Kotovskaya, P. V. Vasil'yev, R.A. Vartbaronov, S. F. Simpura. 
Problems in Space Biology, Vol. 7, p. 265, 1967. 

The effect of adaptation to high altitudes on the resistance of 7 mountain- 
eers and 8 persons not adapted to high altitudes to the action of radial accelera- 
tions (-Gx) was studied during spinning on a centrifuge. After a stay in the 
mountains tolerance to overloads was increased in all the mountaineers and in 
6 of the subjects undergoing adaptation for the first time. In one of two sub- 
jects showing no increase in tolerance to overloads, signs of mountain sickness 
developed during their stay in the mountains? Physiological reactions of the 
cardiovascular and respiratory systems of most of the hypoxia-adapted subjects 
to overloads were rather more marked than in the controls. 

purpose of increasing man's resistance to the action of overloads. Table 1. 
Figs. 2. Refs. 17. 

The authors consider that the suggested method is effective enough for the 

Continuation of Investigations of Changes in Osmotic Resistance of Erythrocytes 
During Acclimatization to High Mountain Conditions. Z. I. Barbashova. 
iProblems in Space Biology, Vol. 7, p. 270, 1967, 

Cyclic changes in osmotic resistance of the erythrocytes in human blood 
were found during acclimatization in the mountains. On the first days after ar- 
rival in the mountains a significant increase in erythrocyte resistance was 
found in 25 of 26 subjects. Later during the stay the osmotic resistance of the 
erythrocytes became normal in most subjects, but rose again in the first days 
after descending to sea level. Table 1. No refs. 

Effect of Hyperoxia on Dynamics of Erythropoiesis in Animals. A.M. Shmeleva, 
1.S. Breslav. Problems in Space Biology, Vol. 7, p. 275, 1967. 

Experiments were performed on CC57W pure-line mice and Wistar rats. 
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Under the influence of an oxygen-enriched atmosphere an increase in the 
reticulocyte count and a slight decrease in the erythrocyte count and hemoglo- 
bin level were found in the animal's blood. A long stay of the animals in the 
hyperoxic atmosphere caused a transient increase in the erythrocyte count. In 
the after-period the erythrocyte count fell and the acid resistance of the erythro- 
cytes rose. Figs. 6. Refs. 14. 

Possibility of Reducing the Toxic Action of Carbon Dioxide on the Living Qrganism. 
V. P. Zagryadskiy, 0. Yu. Sidorov, E. K. Sulimo-Samuyllo. Problems in 
Space Biology, Vol. 7, p. 282, 1967. 

The possibility of reducing the toxic action of carbon dioxide on the body 
by increasing the percentage of oxygen in the inspired air ,  administration of a 
group of vitamins, and nonspecific training is discussed. Table 1. Fig. 1. 
Refs. 10. 

Human Adaptation to Temperature Conditions with the Object of Increasing Resis- 
tance to Heat. P. V. Buyanov, A. V. Beregovkin, M.A. Migulina. Problems 
in Space Biology, Vol. 7, p. 288, 1967. 

Familiarizing procedures should be carried out in order to determine in- 
dividual resistance to high temperatures. The use of specific methods of in- 
creasing heat resistance is not acceptable and is limited to the influence which 
they exert on vascular tone. Table 1. Refs. 16. 

Standards for Noise Levels in Cabins of Spacecraft During Long-Duration Flights. 
E. M. Yuganov, Yu. V. Krylov, V. S. Kuznetsov. Problems in Space Biology, 
Vol. 7, p. 296, 1967. 

A series of experiments was carried out to determine the effect of high- 
pitch (up to 3000 Hz) noise with a total level of 60-65 and 74-76 dB and expo- 
sure of between 8 h and 60 days on the human auditory analyzer. Tsolation hypo- 
kinesia, and the conditions of work, rest, food, clothing, etc., were simulated. 
After an exposure of 8 h moderate fatigue of auditory function was noted, after 
exposure of 24 h a decrease in auditory sensitivity. Continuous exposure to 
noise (75 dB) for 30 days had an adverse effect on the CNS and the auditory1 
analyzer . 

However, noise of 60-65 dB, acting for 60 days, had no effect _on the 
auditory analyzer. This value was recommended as permissible for space- 
craft. Refs. 20. 

Auditory Function in Man After a Period of Several Days in an Artificial Atmos- 
phere. Yu.V. Krylov. Problems in mace Biology, Vol. 7, p. 304, 1967. 

Auditory function was investigated in human subjects staying many days 
at a lowered barometric pressure (308 mm Hg) with normal partial pressure of 
oxygen; they were exposed to an atmosphere containing up to 2% C 0 2  and 
breathed a helium-oxygen mixture. No deviations exceeding the normal physio- 
logical variations were found during dynamic audiometry and investigation of 



the time of retrograde adaptation of hearing. The considerable resistance of 
the human auditory analyzer during a stay of many days in an artificial atmo- 
sphere ww noted. Fig. 1. Refs. 10. 

Biological Action of Intense Wide-Band Noise on Animals. V. I. Ponomar'kov, 
A.Yu. Tysik, V.I. Kudryavtseva, A.S. Barer, V.K. Kostin, V. Ye. 
Leshchenko, R. M. Moroeova, L. V. Nosokin, A. N. Frolov. Problems in 
Space Biology, Vol. 7, p. 307, 1967.1 

In animals repeatedly exposed to the brief (0.6 and 3.5 sec) action of wide- 
band noise with an intensity of more than 126 dB hemorrhages up to 3 mm in 
diameter were found in the lungs at necropsy. Microscopic examination of 
pieces of lung tissue with hemorrhages showed rupture of capillaries and larger 
vessels. The appearance of hemorrhages was preceded by emphysema of the 
marginal areas of lung tissue, which spread to the lateral surfaces of the lungs 
in the case of exposure to noise with an intensity exceeding 130-135 dB, giving 
them a nodular appearance. Figs. 4. Refs. 7. 

Effect of Sound on Adrenocortical and Thyroid Function and Higher Nervous 
Activity of Albino Rats. T. S. Barutkina, T. T. Zarubaylo, M. I. Mityushov, 
A. N. Panov, V.V.,  Rakitskaya, Ye. V. Sokolova. Problems in Space Biology, 
Vol. 7, p. 310, 1967. 

Sound of comparatively low intensity (70 dB, pitch 650 Hz), when applied 
for a long time, causes increased adrenal and thyroid function and slight changes 
in higher nervous wtivity. All the changes in the functions which were studied, 
arising under the infiuence of acoustic stimulation, were transient, and this can 
be attributed to adaptation of the body to the action of the stimulus. Tables 3. 
Fig. 1. Refs. 18. 

Effect of Hypodynamia on Nitrogen Metabolism and Importance of Graded 
Physical Exercises for Maintenance of the Nitrogen Balance. Yu. K. 
Syzrantsev. Problems in Space Biology, Vol. 7, p. 317, 1967., 

A marked negative nitrogen balance is observed in a state of hypodynamia 
(strict confinement to bed, immersion in water). When human subjects a re  
kept in small rooms the nitrogen excretion in the urine is increased by 14%. The 
increased nitrogen excretion is evidence of a decrease in protein resynthesis 
and of some degree of atrophy of muscle tissue, an unfavorable factor when the 
need arises for a change from hypodynamia to active muscular work. Physical 
exercises, with an energy cost of 400 kcal, restores the nitrogen balance. Tables 
2. Refs. 19. 

Effect of Qualitative Differences in Diet on Metabolism in Hypodynamia. Yu. F. 
Udalov, R. V. Kudrova, M. I. Kuznetsov, P. P. Lobzin, V.A. Petrovykh, 
I.G. Popov, LA. Romanova, Yu.K. Syzrantsev, A.M. Terpilovskiy, L.N. 
Rogatina, N.A. Chelnokova. Problems in Space Biology, Vol. 7, p. 323, 
1967. 

Metabolism (nitrogen, carbohydrate, lipid, mineral, vitamin) and energy 
were studied under conditions of restricted mobility in subjects receiving two 
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diets with different contents of food mb&ances (diet 1: $20 g protein of which 
101 g was animal, fat 101,2 g, Carbohydrates 297.2 g, total calorific value 
2653 kcal; diet 2: 57.4 g protein, of which 56.6 g was animal, fat 67.1 g, 
carbohydrates 266 g, total calorific value 1951 kcal) for 7 days. The changes 
in metabolism- were less marked when diet 2 was given; the negative nitrogen 
balance was small, excretion of free amino acids in the urine was not increased 
by comparison with the period of unrestricted movement, and the protein as- 
similation was unchanged during hypodynamia. Diet 2 can be recommended for 
use under hypodynamic conditions. Tables 3. Refs. 6. 

Nutritional State of Human Subjects Kept for Long Periods in a Horizontal Position 
and Subsequently Exposed to Accelerations. V.A. Petrovykh, R. V. Kudrova, 
M. I. Kuznetsov, P. P. Lobzin, I. G. Popov, LA. Romanova, Yu. F. Udalov, 
N.A. Chelnokova. Problems in Space Biology, Vol. 7, p. 330, 1967. 

Some aspects of the feeding of subjects under hypodynamic conditions pre- 
ceding exposure to overloads were studied in healthy persons for 10 and 15 days. 
The diet during hypodynamia was: protein 125 g, fats 105 g, carbohydrates 307 
g, calorific value 2745 kcal. 

No significant changes took place in enzyme function of the gastric glands. 
Excretion of urea, ammonia, amino acids, and uric acid in the urine was in- 
creased. The basal metabolism was slightly lowered. Indices of lipid metab- 
olism (total lipids, cholesterol, lipid phosphorus, acetone in the urine) and also 
the blood sugar were within normal 1iEits. Some indices of acid-base balance 
(titratable acidity of the urine, pH) remamed within normal limits. Excretion 
of calcium and phosphorus in the urine was imraased. The supply of vitamins 

value and content of the principle food substances for subjects under conditions 
of hypodynamia followed by exposure to overloads. Tables 8. Refs. 8. 

B2 and B6 was lowered. The diet studied was on the whole adequate in food B1 

U s e  of a Biomass of Unicellular Algae for Human Consumption. Yu. 1. Kondrat'yev. 
V. P. Bychkov, A. S.  Ushakov, Ye. Ya. Shepelev. Problems in Space Biology, 
Vol. 7, p. 338, 1967. 

Three investigations were carried out in which the diet of 12 volunteers 
included 50, 100, and 150 g dry biomass of unicellular algae for 20-23 days. 
In the first investigation 3 subjects were used, 4 in the second, and 5 in the 
third. No abnormality in the state of health of the subjects was found in the 
first two investigations. In the third, edema and petechial hemorrhages of the 
skin of the face, fingers, and toes of the right foot were observed. They de- 
veloped at different times and differed in severity in different subjects, being 
absent in only one. These manifestations are evidently allergic in nature. 
Refs. 15. 

Mathematical Method for Calculating Necessary Quantity of Products for a Given 
Diet Using a Limited Assortment of Products. M, F. Fomin. Problems in 
Space Biology, Vol. 7, p. 344, 1967. 

A method of calculating the quantities of individual products in the diet 
taken from a given assortment and yielding a stipulated calorific value, and ob- 
serving stimulated ratios between the various products is discussed. Two ex- 
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amples of theoretical calculations of diets with stipulated ratios between pro- 
teins, fats and carbohydrates, and a stipulated calorific value , made up from a 
limited range of products, are given. Tables 3. 

Heterotrophic Organisms as a Source for Human Consumption During Long Spaceflights. 

Several heterotrophic organisms are analyzed from the point of view of 
their inclusion in a closed ecological system. In the authors' opinion, orga- 
nisms from the class of the lower crustaceans' (genera Daphnia, Gammarus) , 
fishes (Tilapia mossambica) and birds are  promising. As primary utilizers of 
organic matter, preference is given to activated sludge. Fig. 1. Refs. 13. 

V. I. Yazdovskiy, G. S. Ratner. Problems in Space Biology, Vol. 7, p. 356, 1967. 

Water Supply for the Crew During Spaceflights. A. A. Moiseyev, Yu. S .  Kolos- 
kova, Yu. Ye. Sinyak, S. V. Chizhov. Problems in Space Biology, Vol. 7, 
p. 362, 1967. 

Some aspects of the water supply for crew members of spacecraft are 
examined. Experimental data concerned with the further development of freeze- 
drying and catalytic-oxidation methods suggested previously by the authors for 
regenerating water from moisture-containing human metabolic products a re  pre- 
sented. It is shown that water regenerated by these methods can be used for 
drinking purposes. Tables 3. Figs. 2. Refs. 23. 

Possible Use of Water Condensed From a Viable Cabin Atmosphere for Drinking 
and Other Dietary Purposes. V. S. Khalturin, Ye. Ya. Shepelev, V. A. Kryuch- 
kov, N.A. Gaydamakin. Problems in Space Biology, Vol. 7, p. 373, 1967. 

Results of a toxicologic investigation of the condensate of atmospheric 
water vapor of an airtight cabin, used by human subjects for long periods of stay, 
are described. The condensate may contain certain impurities having a harm- 
ful effect on the human body. After purification by adsorbents, the condensate 
is f i t  for use as drinking water. Table 1. Refs. 5, 

Ways and Means of Reducing to a Minimum Microflora in Small Rooms Intended for 
Long-Term Experiments with Subjects. V. I. Vashkov, Ye. N. Nikiforova, N. V. 
Ramkova, R. V. Adamov. Problemsinspace ,Biology, Vol. 7, p. 381, 1967. 

A method of reducing microflora in small rooms is suggested. The bac- 
terial population is reduced by applying a group of measures including disinfec- 
tion of the room itself , treatment of soft articles, preparation of the subjects 
for the experiments , and precautionary measures for communication between 
subjects and experimenters. 

Investigation of the State of the Human Skin After Prolonged Restriction on 
Washing. I.G. Popov, V.V. Borshehenko, F.K. Savinich, M.I. Kozar', 
A.M. Finogenov. Problems in Space Biology, Vol. 7, p. 386, 1967. 

Contamination and the condition of the skin and of the clothing materials 
of persons spending up to 60 days in closed rooms without special toilet of the 
skin covered by clothing were studied. The degree of contamination of skin 
and clothing by products of the cutaneous glands was judged from accumula- 
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tion of chlorides and organic substances. The mean contamination of clothing 
and skin per diem varied from 117 to 403 mg chlorine. Clothing absorbed about 
90% of the chlorides and 80% of the organic substances. The pH moved toward 
the acid side. The level of bacterial contamination became stabilized in the 3rd 
week. The bactericidal index of the skin fell to 60-70. Skin diseases were of 
the usual kind and did not interfere with work. Rational choice of hygienic 
parameters of the living environment can substantially reduce contamination of 
astronauts' skin and clothing and also reduce the frequency of hygienic treat- 
ment of the skin. The scalp, face, fingers, perineum and feet must be cleansed 
more often than other parts of the body. Tables 3. 

Astronauts Basic Requirements of Personal Hygiene Materials, V. V, Levashov, 

Data are described showing the dynamics of human skin contamination dur- 
A. M. Finogenov. Problems in Space ,Biology, Vol. 7, p. 393, 1967. 

ing prolonged isolation. The connection between the chemical composition of 
the contaminants and the bacterial population of the skin surface is examined. 
On the basis of the results of long-term experiments, general medical and 
technical requirements relative to personal hygiene articles are specified. 

Objective Evaluation of Deodorizing and Freshening Action of Oral Hygiene 
Preparations under Specific Conditions. Yu. A. Fedorov. Problems in 
Space Biology, Vol. 7, p. 397, 1967.\ 

Possible causes of odors from theimouth and ways of their prevention are 
discussed. A combined method of study of various constituents of the mouth 
fluids is suggested for the objective evaluation of the deodorizing action of oral 
hygiene preparations. Refs. 7. 

Toxic Gaseous Substances Liberated from Human Feces during Storage.' V. V. 
Kustov, V. I. Mikhaylov, L. T. Poddubnaya, 1 L. N. Rogatina. Problems in 
Space Biology, Vol. 7, p. 400, 1967. I 

The principal gaseous toxic substances liberated during storage of human 
feces for 5 days were determined. Feces are a source of liberation of large 
amounts of ammonia and its compounds, hydrocarbons, fatty acids, phenols 
oxides of nitrogen, carbon monoxide, hydrogen sulfide, indole, and other toxic 
substances into the surrounding medium. If feces are preserved with copper 
salt V the liberation of ammonia and oxides of nitrogen is greatly reduced (by 
4 and 10 times respectively) and that of carbon monoxide increased 10 times. 
It is suggested that the liberation of toxic substances from feces can be re- 
duced if the preservative inhibits not only the micpoflora, but also oxidative 
processes. Tables 2. Refs. 7. 

Toxic Gaseous Substances Liberated from Urine During Storgge. V.V. Kustov, 
V. I. Mikhaylov, L. T. Poddubnaya. Problems in Space Biology, Vol. 7, p. 405, 1967. 1 

Fresh urine and urine preserved in closed containers can be a potential 
source of pollution of the atmosphere of pressurized cabins with ammonia, 
aliphatic amines phenols, mercaptans, lrydrogen sulfide, fatty acids, carbon 
monoxide, and hydrocarbons. Tables 2. Refs. 6. 
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Search for Prepaxations for Feces Preservative Useable Under Spaceflight Con- 
ditions. L.N. Rogatina, Problems in Space Biology, Vol. 7, p. 408, 1967. 

Of 24 preparations studied as preservatives of feces, 5 from the group of 
salts of heavy metals were chosen. In their efficacy they can be arranged in the 
following order: copper salt B, silver nitrate, silver sulfate, silver fluoride, 
copper sulfate. Table 1. Refs. 3. 

Medical Provision for Long Space Flights. G. L. Yaroshenko, V. G. Terent'yev, 
V.A. Chichkin. Problems in Space Biology, Vol. 7, p. 412, 1967. 

In space flights the weight and dimensions of equipment in the spacecraft 
are limited. This applies also to medical supplies. The minimum level of 
medical supplies can be determined if the probable morbidity among the as- 
tronauts can be predicted. Diseases and disorders encountered among people 
taking part in long-term experiments or working under extreme conditions can 
serve as guidance for prediction, A method of calculating the statistical prob- 
ability of illnesses during long space flights is suggested and the conclusions 
obtainable from its use are discussed. Table 1. Refs. 1. 

Physiological Aspects of the Use of Hypothermia in Space Medicine. P. V. 
Vasil'yev, G.D. Glod. Problems in Space,Biology, Vol. 7, p. 416, 1967. 

Experimental data from a comparative physiological analysis of different 
methds of blocking protective and adaptive reactions during external a i r  cooling 
of dogs and albino rats are described, The possible physiological mechanisms 
of the disturbance of homeostasis in a state of reversible, prolonged artificial 
hypothermia are examined. Some promising ways in which effective methods 
of blocking the thermoregulatory mechanism in animals may be sought are out- 
lined. The aims of artificial hypothermia in long space flights are enunciated 
and some essentials of methods used to produce it are stated. Table 1. Refs. 
47. 

Results of Physiological and Ecological Investigations of Chlorella Cultures as 
a Link in a Closed Ecological System. Ye. Ya. Shepelev, G. I. Meleshko. 
Problems in Space Biology, Vol. 7, p. 423, 1967. 

A brief survey of the results of combined investigations ,of a Chlorella 
culture as the possible basis for construction of photosynthetic reactors or  as 
one of the links of a closed ecological system is given. Data showing the 
principal conditions for highly productive cultivation of algae are presented 
(balance of mineral food elements in the nutrient medium and cells, gas ex- 
change of the culture, mineral and biochemical composition of biomass, etc.). 
The principal results of an investigation of the dynamic characteristics of 
algal suspensions for spontaneous and photodependent fluctuations in productivity 
are also given. Tables 3. Fig. 1. Refs. 24. 



Biotechnical System of AUtQmatiC Control of Photosynthesis. M. A. Khvedelidze, 
53.1. Dumbadze, V.G. Apridonidze, I. S. Zaalishvili, T. L. Khomeriki, Kh. 
G. Gagua, M. Sh. Lomsadze, B, T . Zhorzholiani. Problems in Space 
Biology, Vol. 7, p. 432, 1967. 

In a biotechnical system "Chlorella suspension-source of light" a feed- 
back is used to regulate the peri ds of light and darkness applied to the Chlorel- 
la suspension,',based on the m d t u d e  of the photoelectrochemical current. 
Discrete automatic control over the luminous flux and recording of the "light- 
darkness" period are carried out by means of a type N-373 automatic writer, 
modified for the purpose and included in an amperometric circuit for measuring 
intensity of O2 output during photosynthesis, An optoelectrical automation sys- 
tem is added inside the instrument. Preliminary results of investigation of 
such a biotechnical system are described. Figs. 5. Refs. 17. 

Study of Photosynthesis of Chlorella Grown under Constant Conditions. I. V. 
Aleksandrova, Ye. A. Ivanov. Problems in Space Biology, Vol. 7, p. 441, 1967. 

Experimental data obtained with an apparatus for cultivation of ,Chlorella 
under stable conditions of growth showed that the probability of appearance of 
spontaneous changes in intensity of photosynthesis is 0.18. The mean value of 
deviations of photosynthesis is 21%. Changes take place at the rate of 6-7%/ 
hour. It is concluded that continuous control of photosynthesis can be replaced 
by intermittent. Table I. Figs. 5. Refs. 3. 

Effect of Some Gaseous Contaminants in the Atmosphere on Photosynthetic 
Activity of Chlorella. M. N. Korotayev, V. V. Kustov, G. I. Meleshko, V. I. 
Mikhaylov, Ye, Ya, Shepelev. Problems in SpaceiBiology, Vol. 7, p. 447,1967. 

The effect of certain gaseous contaminants of the living atmosphere on the 
photosynthetic activity ,of Chlorella wa@ studied. It was found that during the 
isolated action of low concentration of ammonia, carbon monoxide and acetone 
the mean CO assimilation by the algal cells increased, whereas under the in- 
fluence of hydrogen sulfide and human expired air  it was decreased. Tables 5. 
Refs. 5. 

2 

Characteristics of Growth and Gas Exchange of the Alga Anacystis Nidulans in 
Intensive Culture. T. B. Galkina, I. I. Kashkovskiy, 0. A. Kurapova, Ye.K. 
Lebedeva, G. I. Meleshko, Yu. N. Ul'yanin. Problems in Space Biology, 
Vol. 7, p. 453, 1967. 

Experimental data for the rate of growthlof the biomass, C02 assimilation 
and oxygen liberation, pH dynamica, and pattern of nitrogen extraction from the 
medium by algae Anacystic nidulans in intensive accumulative culture are given. 
The coefficient of assimilation and chemical composition of the biomass were 
investigated and found to be close to those of Chlorella. The specific photosyn- 
thetic productivity of the culture of A. nidulans under intensive conditions is 
similar tothe productivity ofthe Chlorella culture. Tables 3. Figs, 3. Refs, 12. 



Choice of Animal Components of Closed Ecological Systems. N. V. Mironova. 
Problems in Space,Biology, Vol. 7, p. 459, 1967. 

The paper describes an attempt to analyze the possibility of using Tilapia 
mossambica Peters for this purpose as an aquatic variant of a closed ecological 
system. The results of the investigation show that tilapias are tolerant to the 
conditions of existence, can exist in high stocking density, can utilize a wide 
range of both animal and plant foods. They reproduce frequently, look after 
their young, and the survival rate of the young is high, indicating the possibility 
of a rapid increase in population. The comparatively rapid rate of growth sug- 
gests that a high rate of increase of total biomass can be expected. Tables 8. 
Refs. 32. 

Effect of Food Supply on Growth of Tilapia (Tilapia Mossambica Peters). N. V. 
Mironova and T.A. Skvortsova. Problems in Space Biology, Vol. 7, p. 471, 1967. 

Tilapias can utilize the green mass of higher plants from 2 to 7 months of 
age. They can live and grow when fed for a long period (up to 5 months in the 
experiments) on a purely plant diet, even if it consists of plants of only one 
species. A small addition by weight of animal food considerably increases the 
rate of growth of the fish compared with that of fish receiving a purely vegetable 
diet. Tables 7. Fig. 1. 

Comparison of Growth of Tilapias (Tilapia Mossambica Peters) when Fed on 
Chlorella and Other Foodstuffs. N. V. Mironova. Problems in Space 
Biology, Vol. 7, p. 478, 1967. 

Chlorella is considered to be a first-class, balanced food for growth of 
tilapias. In mean weight and utilization of food for growth the fish very closely 
resemble tilapias receiving animal food and give the highest growth indices, by 
contrast with fish receiving only higher plants. Tables 7. Refs. 3. 

Effect of Vibration and Linear Accelerations on Fish. V. Ya. Mamontov, G,B. 
Mel'nikov. Problems in Space Biology, Vol. 7, p. 485, 1967. 

Vibrations of different frequencies, but with equal vibro-overloads (about 
10 units) and equal exposure time (6 min) produce effects of different intensity 
on fish. Frequencies of 80-90 Hz had the strongest action, sometimes lethal, on 
fish weighing from 40 to 130 g and measuring from 16 to 21 cm in length. The 
existence of resonance effects for this frequency band and for fish of this size 
is postulated. Tables 1. Figs. 5. Refs. 4. 

Action of y-Rays and Protons on Chlorella. I. D. Anikeyeva, E. N. Vaulina, 
V.A. Shevchenko. Problems in Space Biology, Vol. 7, p. 493, 1967. 

Survival and mutation rates of the unicellular alga Chlorella strain LARG- 
60 1 as a function of dose were studied during exposure to Co y-rays and 660 

MeV protons. The relative biological effect for protons is 7.2 krad and for 
y-rays 11.5 krad (1.6:l in favor of protons). The number of visible mutations 
increases proportionally to the dose of protons and y-rays. y-Rays give 7.8% 
of mutations and protons 3.7%, indicating the high mutagenic effect of y-rays 
relative to their lethal action. Table 1. Figs. 2. Refs. 7. 
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Study of Regeneration of Air and Water by Higher Plants in a Closed Space. 
N. T. Nilovskaya, M. M. Bokovaya. Problems in Space Biology, Vol. 7, 
p. 496, 1967. 

Carbon dioxide assimilation by most of the experimental plants (Chinese 
and ordinary cabbage, potato, beans, radish) varies between 50 and 60 g/m2 
area sown/day. Highest intensity of C 0 2  assimilation is given by beetroot, 
sugarbeet and soybean (102-152 g/m area sown/day). Assimilation of C02 
by the crops fluctuates during the 24-hour period. Between 12  noon and 3 P. M. 
depression of CO assimilation is observed. During the period of darkness 
the plants excrete 3-8.5 g C02 per square meter sown area, or 4-7% of the 
daytime CO assimilation. The intensity of transpiration of the plants under 
the experimental conditions is 19-40 g/m of leaf surface, giving a yield of 
1.5-2.5 liters water/m leaf area. Tables 4. Figs. 5. Refs. 14. 
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PROBLEMS OF SPACE BIOLOGY, Vol. 7 

ANNOTATION 

Three problems are examined in this collection: psychophysiological aspects 
of operational activity, questions relating to the habitability and hygiene of space- 
ship cabins, and also the problem of biotechnology. 

This publication is intended for a broad circle of biologists, physicians, 
physicists, chemists and designers. 

FOREWORD 

Space science is continuing its rapid, successful development, enriching - /3* 
the general fund of human knowledge with new achievements which are often 
startling because of their novelty and significance. 

Also continuing to grow is the number of scientific publications. The neces- 
sity of timely, operational information of specialists has led to the appearance in 
our country in 1967 of a new scientific journal "Space Biology and Medicine. I '  

The contributors to and readers of the collections entitled lfProblems of 
Space Biology" undoubtedly join in the congratulations and best wishes of success 
sent with a feeling of great satisfaction by the editorial staff of the %ollectionstf 
to the editorial board of the new journal and its editor-in-chief, Academician 
V.V. Parin. 

Scientific publications are important not only because they reveal the results 
and prospects of research. Of no less importance i s  the historical aspect. A 
glance at the history of science shows clearly that it is replete with examples of 
genuine heroism and selfless service to humanity. 

To our great regret, it also contains quite a few tragic pages in connection 
with the achievement of new goals by researchers, with penetration into new and 
mysterious fields. 

As the events of this year have shown, space science is no exception. In 
January, 1967, the American astronauts Grissom, White and Chaffey perislied 
at Cape Kennedy while testing a new spacecraft, the lfApollo. 

In April, 1967, the outstanding cosmonaut and researcher, Engr. -Col. 
V. M. Komarov, twice recipient of the award "Hero of the Soviet Union, 
tragically while carrying out a test flight of the new Soviet spacecraft ffSoyuz-l. f 1  

These tragic events have deeply troubled the public all over the world; they 
have been the source of numerous comments, once again emphasizing the excep- 
tionally important significance of further improving ways and means intended to 
ensure flight safety. 

perished 

Space medicine and biology are being called upon to play an important role in - /4 
the development. 

* 
Numbers in the margin indicate pagination in the foreign text. 
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Continuing the general plan by which Vol. VI was put together, the articles of 
Vol. VII have been grouped under three main problems, namely, psychophysio- 
logical aspects of operational activity, questions relating to the habitability and 
hygiene of spacecraft cabins, and also problems of biotechnology. 

The editoral board hopes that the readers will receive the articles with 
interest; the board will also be grateful for critical remarks and suggestions 
which i t  will attempt to take into account when putting together subsequent volumes 
of the collection. 

Editorial Board: 
Yu. M. Volynikin, 

Academician V. N. Chemigovskiy (Chief Editor) , 
Academician V. V. Parin, Corresponding Member of 

the Academy of Sciences (USSR) 0. G. Gazenko, 
Professor A. M. Genin 
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OPERATIONAL ACTIVITY 

Problems of the Reliability of Man in Spacecraft 
Control Systems* 

P. K. Isakov, V. A. Popovand M. M. Sil'vestrsv 
Man or  automatic devices in the investigation of space, -this is the problem 

that has long been discussed in the press. At the present time an even larger 
number of researchers is approaching a unique solution of this problem. The 
solution consists in a judicious combination of the properties inherent in man 
and automated sys tems . 
reliability and in some cases' reduces the weight and bulk of the equipment, 
Moreover, in order to ensure the operational reliability of pilotless flying space- 
craft i t  is necessary to incorporate a high level of equipment redundancy, that is, 
to provide for a multiple reserve of systems and instruments. But if the work of 
an operator is combined with only a single or double reserve, it is almost certain 
that systems of the craft will function without failure for a considerable period 
[41. But if the operator is also provided with the means to repair the faulty parts 
of the control system, the reliability will become very high, being governed 
essentially by the reliability of the operator. A method in which the reliability 
of spacecraft control systems in enhanced by rational combination of the functional 
capabilities of man and the characteristics of the equipment is considerably more 
effective than any purely technical method of ensuring reliability. 

The "operator-spacecraft" system is a closed multiloop system. In such a 
system an operator can fulfill the role of the logic and computer devices, of the 
meter of the control process parameters, of the amplifying, integrating, and 
differentiating links, of the control formulation system, etc. 

The amount of information presently available on the operational char- 
ac teristics of an astronaut controling a spacecraft and the research instrumen- 
tation during actual space flights is still insufficient. As is to be expected, 
however, the experimental characteristics of various work operations performed 
by astronauts in flight are often very different from those on earth. 

form operations with the medical equipment in the llVoskhodfl was 1.5 to 2 times 
greater than he spent on earth. Without doubt, this was a result of specific 
space-flight conditions affecting the cosmonaut-operator. 

Because the amount of information obtained during flight in. space is insuffi- 
cient, it is especially necessary to make wide use of ground test equipment. At 
the same time, investigation of the reliability and efficiency characteristics of 
human operation in test devices on the grotlnd, both from the standpoint of 
principle and of actual conditions, requires that %nan-machinef+ models be set up 
so that not only the control process itself czin be simulated, but also the specific 
conditions that contribute to creating any given state of a human operator. 

The inclusion of a human being in a spacecraft control system increases its 

/6 

For instance, the time spent by cosmonaut B. B. Yegorov to per- 

*Report presented at the Second International Symposium on Basic Environ- 
mental Problems of Man in Space, Paris, 14-18 June, 1965. 
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Let us mention the basic problems that can be solved by means of such 
simulations. 

1. Analysis of the dynamics of the control process of a system in which a 
man participates. In such a study the given equations of the plant and control 
system are solved on computers in a natural time scale. 

reduces to choosing the structure of the variable part of the system, its char- 
acteristics, the values of the parameters, and the rational form of the information 
model, on the basis of the given technical conditions and of the known properties 
of the operator. 

some of the system elements are  actual ones, along with their properties; the 
operation of the rest of the elements is reproduced by a computer in a natural 
time scale according to the given equations. 

2. Solution of the problem of synthesis of the control system. This problem 

3. Experimental investigation of the system decided on. In such investigations 

'4. The experimental study of the response of the system under laboratory 
conditions, and of its efficiency, when the operator is subjected to simulated 
specific flight factors (overwork, hypodynamia, isolation, noise, vibration, 
ambient gaseous medium, 1 illumination, etc .) . 
ments of the control system. This problem is solved by' training operators on 
simulators and special trainers as  well as by using special drug-induced effects, 

digital complex is used to solve complicated problems. Signals are fed from the 
output of the simulator to an information model, that is, to an indicator and 

; signaling system.' Specific flight factors can be simulated by means of dynamic 
test arrangements which imitate the external flight conditions, the life-support 
systems, and also by means of special devices which make i t  possible to elicit 
in the organism reactions which are similar to the reactions of the organism to 
the flight j factors being applied. 

The system is designed to record the variables of the control process, the 
responses of the operator, and his physiological functions. The efficiency and 
reliability of a control system in which the human participates is evaluated by 
analyzing the indications from the dynamics of the control process, errors in tfie 
steady-state and forced modes, the final result of the control, the energy ex- 
pended in the control process, the quantity and nature of the incorrect actions of 
the operator, and changes in the physiological functions of the operator. 

craft and its equipment depend to a significant degree on the systems with which 
he is working. In space flight it is necessary to perform control operations both 
with a time deficit and a time surplus. A surplus of time is the reserve of time 
available to the operator in performing a certain task; i t  is considerably greater 
than the total time required to carry out the operations associated with the com- 
pletion of the task. A time surplus may be available for controlling the angular 
motions of the craft, which can be done either by active or passive means. The 
force moments generated by the ambient medium are used in passive stabilization 
of the spin of a space ship. The force,moments arising as a result of interaction 
between the craft and the ambient medium are small, and therefore the spin period 

5. Formulation of the qualities of the operator in accordance with the require- 

- /7 
The control process is simulated with the aid of a computer. An analog- 

The psychophysiological features of human activity in controlling a space.- 
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will be large, from a few tens of minutes (when using the gravity and magnetic 
field gradient of the earth or  the aerodynamic forces of orbital flight) to several 
hours (when using the radiation pressure of the sun), If active means are  used 
(jet engines, interior rotating masses, etc. ), the spin rate increases, but in 
order to economize on power reserves, it remains about several degrees per 
second, and the time of the transient process may be of the order of several 
minutes. In this case there is also a surplus of time. But when the spacecraft 
is carrying out such flight steps as approach and docking, reentry into dense 
atmospheric layers, touchdown, etc., the astronaut has to work under a time def- 
icit situation. Time deficit and information overload may cause sharp deviations 
in the activity of an operator, reducing operational reliability. The primary 
events under such conditions are gaps in incoming signals and delayed response 
to the increasingly complex situation. When information arrives too slowly and 
the control processes take too much time (surplus of time), the human operator 
begins to be distracted from controlling the given process, and this may lead to 
incorrect actions and deterioration of the control process, Surplus of time and 
a monotonous situation lower the functional level of the human analyzer systems. 
Experimental study of operational activities has shown that in normal flight of 
"Vostok'? the cosmonaut works with the instrument package without a time deficit. 
The instrument reading time does not limit the execution of operations in any 
case. 

- /8 

From 2.2 to 3.1 sec are  required, while controlling the spacecraft, to de- 
termine the numerical value of one of the parameters characterizing the environ- 
mental state of the cabin (the temperature, oxygen content, carbon-monoxide gas, 
etc. ). This period depends on the form of the face of the instrument and on its 
location on the instrument panel. The mean time required to perceive light 
signals fluctuates between 0.8 to 1.2 sec, depending on the color and intensity of 
the signal and its location on the signal panel [il. The accuracy of manual control 
depends on the information model, on the location of the image of the parameters 
being read relative to the eyes of the operator, and on the indication systems 
within the operator's field of view. The accuracy of control by a reference point 
is greater when the deviation of the point is determined relative to a vertical 
reading liae rather than to a horizontal one. This was observed in control experi- 
ments nn a simulator when the operator had to carry out the following operations: 
place one circle concentric to another, keep a luminous 'dot or a symmetrical 
figure in the cross-lines on an election-beam tube, keep a cross symmetrical 
when the two lines forming the cross were movable relative to each other, so 
as  to correspond with the control dynamics, and also when reading the indications 
of instruments with vertical and horizontal scales. For example, the accuracy 
of mounting a cle on a vertical control channel was less by a factor of 1.6 than 
on a lateral channel. The accuracy of controlling the location of a spot on the 
screen of an electron-beam tube in conformity with the spin dynamics of a space- 
ship in a vertical control channel (in the axial plane) was less than in a lateral 
control channel by a factor of 2. The accuracy with which the cross bars were 
kept symmetrical during manual control of the spin stabilization of a spacecraft 
was better in the vertical case by a factor of 2.2 than in the lateral case. Of 
definite interest is the study of the time required to perceive signals indicating 
the magnitude and rate of mismatch in the control process when using an electron- 
tube indicator. The experiments showed that when the luminous spot deviated 
from the cross-hairs of the indicator by more than 4 mm, the average time it 

- /9 
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took to determine the error was 0.9 sec; when i t  deviated by 1 m, the time of 
perception was 1.2 sec. When the speed of motion of the image was more than 
1 mm per sec, the time required to determine the sign of the derivative of the 
deviation was about 1 sec and was almost independent of the speed. At a lower 
speed the average time it  took to determine the sign of the mismatch derivative 
increases, reaching 4.2 sec at a speed of 0.1 mm per sec. 

As the tasks of space flight become more complex, a piloted spacecraft will 
become gatwated with an even greater number of indicators, signal devices and 
control units. The nature of space flight, the fact that it takes place in phases, 
make it absolutely necessary that the astronaut receive information from all or  
from a majority of the instruments and signal devices, and that not all the con- 
trol levers be necessary in every given step. The operational reliability of the 
operator in spacecraft systems increases if we employ the principle whereby the 
operator need handle the various indicators, signal devices and control units only 
step by step, in accordance with the tasks to be performed. 

The particular features of space flight conditions, such as weightlessness, 
considerable overwork during launch and descent, intermittent time deficits and 
time surpluses in performing operational tasks, the fact that the flight is carried 
out in phases, the multiple sources of ,information in the control system, all 
these factors determine how we must construct the information model and the 
control consoles, the scientific research equipment, and the operational instru- 
ments. In the case of spacecraft flight of a team consisting of several men, the 
reliability of the f 'man-spacecraft" system depends to a considerable degree on 
how the control functions are didtributed among @e crew members. For example, 
experiments have shown that if  the functions of controlling eight specific points 
of the process arejrationally distributed between two operators, the quality of 
control improves by a factor of 2.5 as  compared with control by a single operator, 
and the percentage of unsuccessful control actions decreases by one half. 

As indicated above, the reliability of the man-spacecraft system can be 
studied in an appropriate manner if  various factors (noise) act on the operator. 

In doing so, we should strive to have the state of the operator approximate 
as closely as possible the state that may be observed under normal and extreme 
flight conditions. Let us indicate several examples of the nature of such noise 
effects. 

While working in the simulator the operaMr was presented with experimental 
illusions of rolling. This was done by exciting the vestibular analyzer with direct 
current (from 2 to 5 milliamps). During the period the rolling illusion was 
effective, the time it  took to perceive the signals of the paravisual indicators in- 
creased by 2 to 3 seconds. Also noted was a characteristic interruption of co- 
ordination of control motion. 

of I40--4jaC, pronounced changes in the quality of control were noted only after 
the operator. had been subjected continuously to 3 to 4 hours of these conditions. 
In particular, the three-dimensional control of the spacecraft (in the simulator) 
deteriorated by a factor of 1.2. 

A study of the effect of prolonged isolation and hypokinesia on the activity of 
an operator in transmitting information by means of a teletype instrument @I and 
in controlling the altitude of a spaceship showed that pronounced deterioration of 

- /10 

When the model cabin was subjected to noise of up to 90 db and a temperature 
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the efficiency was noted in the first few days of isolation and hypokinesia. The 
quality of orientation became worse by a factor of 1.5 as  compared with the initial 
compared data, On the third day the quality of operation was restored almost to the 
original level. It should be emphasized that an analogous tendency was observed in 
actual tendency flight. 

The operational reliability of a human is also determined by the way in which 
he handles his work under complex conditions, e. g. , when the operator must _ _  con- 
trol the operation of various systems, answer transmitted'inquiries, etc. , while 
performing the main task of control. In this case psychological noise of peculiar 
nature occurs, causing the most significant failures in the quality of control. In 
the experiments the operator was presented with an additional task in which he 
was to turn away from his control functions in order to read instrument indications, 
to count light signals, etc. The necessity of switching tasks and distributing his 
attention resulted in deterioration of the quality of three-dimensional control of 
the motion of the plant according to an instruction device by a factor of 1.6 to 1.8, 
and the time required to perceive paravisual indicators increased from 2-3 to 

When an operator had to control eight distinct parts of the control process 
while being interrogated by radio on the readings of indicators and signal devices, 
the quality of manual three-dimensional control of spacecraft motion deteriorated 
by a factor of 1.7 as  compared with control in the absence of noise. 

The above presentation indicates that an effective approach to estimating 
human reliability in spacecraft control systems consists in the broad use of 
simulators of the dynamics of the control process and of the state of the operator, 
approximating as  close as  possible his state under normal and extreme flight I 

conditions. 

'8-10 S ~ C  [3I .  
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SOME ASPECTS OF THE ACTIVITY OF SENSORY SYSTEMS 
A S  APPLIED TO PROBLEMS OF SPACE PHYSIOLOGY* 

V. PI, Glezer, V. A. Kislyakov, V. A. Kozhevnikov, 
V. N. Chernigovskiy and L. A. Chistovich 

-3" ~ 0 i s  im doubt that the normal functioning of sensory systems is one 
c;; 21s most important conditions ensuring effective adaptation to the environ- 
xmntai sitxiation in general and, in particular, to the complex medium of a 
apacacraft. 

;7im and automatic equipment, i. e., the "man-machinerr problem, takes on 
special significance. 

4stronauts who are, in effect, almost completely freed from performing 
pliyaical labor must solve spacecraft control problems, make various obser- 
~ a t i o n s ,  and also make responsible decisions rapidly and without error. 

1es.e p~sblems are connected with the acquistition and processing of 
afocmtion; the most important task being the effective coding of this 

ID siew of such special conditions, the problem of the mutual operation of 

- -  
- 3r - v.i --- mation and comelalion of the characteristics of machines with the %apacity" 
a€ i'13 astrmaut-operator, 

p-"---p GLIo, air;ition of saveral important aspects of the problem of acquiring and pro- 
i'ty with this general problem, ' the present report is devoted to an 

mssiing information and of recognizing sensory images. 

HoweYer3 we have preferred to address ourselves specifically to these aspects 
because we have had certain experience in studying them. 

spzm and was studied iil experiments with animals (V. A. Kislyakov et al.). 
The second relates to the problem of recognizing visual images (V. D. Glezer 
et aL 1 and, Bnally, the third relates to the problem of recognizing speech 
so7&ids (17.. A, Kozkiemikov, E, A. Chistovich et al.). 

of human beings. 

;3E c ~ w s e ,  these aspects will not in any case exhaust the entire problem. 

The? first  aspect to be: considered relates to the problem of orientation in 

The second and third themes are based on data obtained from observations 

The proposed solutions to the problems are  not considered to be definitive and 
are  subject to subsequent, more accurate definition. 

pp-" letus dwell on the characteristics of the scheme we chose as the initial 

We should take as an accepted fact that the problem of a more rational dis- 
scheme: in solving the problems we have taken up. 

tribution of functions among the astronaut and the equipment cannot be solved 
empirically or on the basis only of common-sense ideas, but requires a thorough 

I 
mental Problems of Man in Space, Paris, 14-18 June, 1965. 
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Space- 
craft 
c ontro 1 

Ship 

medium 

. 
Request for additional Informatior 

The factor which is peculiar to the operational conditions of an astronaut is, 
first  of all, that he deals not only with data from direct observation of the situation, 
but also with the results of automatic processing and evaluation of information, 
part of which has already been done by instruments. Accordingly the input in- 
formation for the astronaut is represented by the signals of block N(Fig. l), which 
describe the situation in symbolic and abbreviated form. Another feature of human 
operation is that the actions the operator takes are  not the usual direct actions with 
machines; they are control signals which must be recognized, interpreted by the 
automatic control system and correlated with other signals circulating in this 
system. 

The most interesting aspect of engineering psychology is the choice of an 
optimal system of signals by which the information must be presented to the oper- 
ator and the choice of an optimal system of actions by which the operator trans- 
mits the information to the instruments. 

We believe it is possirJle to present the following principle for an overall 
approach to this problem. 

- /13 

* 

It is obvious that the information-processing operations performed by a 
human being (that part of the diagram outlined by dashes in Fig. 1) are relegated 
entirely to the realm of thought. Although we do not know at the present time 
what these thought operations actually are, nevertheless we must assume that 
they are  performed on certain signals, symbols, and categories. Logically, it 
must be assumed that these symbols form a certain ordered set, a thought diction- 
ary, and that in addition there are  certain specific rules for analyzing and syn- 
thesizing groups (sequences) of symbols. The dictionary and rules form together 
what may be called the thought language. 

Automatic ~Description Analysis of Work- 
description of the situa- the situation' out of 
and estima- tion for the 1 

tion of the *human being 
situation 
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Having admitted a thought language, we must, of course, supplement the 
human information processing diagram given in Fig. 1 by at least two blocks. 
These are an input block, which translates the language of the signals perceived 
into the thought language, and an output block, which translates the thought 
language into a language of action, 

lation from the language of the external signals to the thought language and from 
the thought language to the language of action. The optimum case is coincidence 
of languages. The literature ,of psychology contains the viewpoint that the thinking 
of a mature human being is essentially verbal; it is assumed that the thought pro- 
cess also includes operations on visual representations. 

that the optimal method of providing an operator with llinput" data is to combine 
vocal and visual concepts. But the optimal control signals developed by the 
operator should be vocal commands, if possible combined with some simple 
motor action. 

Following this scheme, wekill examine all three problems successively. 
Whenever necessary we will be forced to curtail the purely factual part of the 
report, since this is governed by the lack of time. We will also be highly con- 
servative in describing the methods used in our approach and the literatue. The 
greatest attention will be devoted to a possible application of the results to spaco- 
flight practice. 

In the human organism two phenomena stemming from different receptor sys- 
tems are characterized by general signs. These phenomena arise when the 
organism is subjected to acceleration or when focal points move into the field of 
vision of man and animals. Vestibular and optokinetic reactions are  associated 
with these phenomena. In a high-altitude or spaceflight situation, optokinetic 
along with vestibular stimuli, as a result of changes in the afferent signaling of 
various sensory systems, are  the reasons for discomfort, disruption of spatial 
orientation and the appearance of illusory reactions, reducing the capability of 
an astronaut to carry out the delicate intellectual operations of reception, analy- 
sis and transmission of information. 

failures in experiments with animals must be clarified for purposes of aviation 
and space medicine. 

the following illusions: 

opposite direction after rotation has stopped. 

observed when semicircular ducts are subjected to angular motion (Greybiell. 

along the vertical of an observed focal point when otoliths are  subjected to centrif- 
ugal forces (Greybiel). 

Naturally the capacity of the system will be greater the simpler the trans- 

Considering these notions to be highly probable, we adopted the hypothesis 

- /I4 

It is only natural that certain mechanisms responsible for the above-mentionec 

It is well known that the effect 01: vestibular exciters in man is to produce 

1. The illusion of counter-rotation-the apparent rotation of a body in the 

2. The oculogyric illusion-the apparent motion of a focal point being 

3. The oculogravitational 1 illusion-the apparent rotation or displacement 

Analogous illusory reactions can also be observed under the effects of 
optokinetic stimuli. 
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1. When a man is placed inside a large rotating, striped cylinder, he gets 
the sensation that his own body is rotating in the opposite direction while the 
rotating cylinder seems to be fixed (Kislyakov). 

from rotating strips to fixed ones, which appear to be moving in the opposite 
direction (Miller). 

3. Reverse postoptokinetic illusion-the apparent motion in the opposite 
direction of a luminous spot against a dark background after optokinetic stimu- 
lation (Miller). 

4. Illusion of the fall of a luminous'spot-this occurs when strips are moved 
vertically downward (Miller). 

The illusory ',reactions elicited in people under laboratory conditions also 
occurs in real flight situations. If they take on a complex nature in flight, they 
lead to a lapse in spatial orientation. In connection with these facts it became 
necessary to have an analog of such illusory reactions in animals in order to 
study the nervous mechanisms responsible for their origin. Optokinetic stimu- 
lation was selected for this purpose. 

In our experiments (Kislyakov et al. ) we obtained a new form of nystagmus, 
called reverse postoptokinetic nystagmus (RPN). RPN occurs in rabbits after 
prolonged optokinetic stimulation and has a direction counter to the preceding 
optokinetic nystagmus (OKN), lasting tens of minutes (Fig. 2). The maximum 
RPN rhythm is observed during the first 10 to 15 minutes. 

2. Reverse rotational illusion-this occurs when the eyes are transferred 

3 

4 

Figure 2. Electronystagmagram of OKN and RPN at the 
Following Rotational Speeds of the Cylinder: 1-1; 2-1.8, 
3-2.5; 4-6 rpm. The Arrows Indicate the Instant the 
Dark Screen was Stopped; the Dots are the Marks of the 
Strips. The Calibration was 200 Microvolts; the Time 

1 sec. 

Visual exciters must be used before RPN appears (the experimental chamber 
must be darkened or a dark screen must be set up). Note that Miller's optokinetic 
illusions were more strongly pronounced when the illumination was reduced. 

appearing in the form of an objective indicator-nystagmus. A change in direction 
\of nystagmus in the case of RPN can be considered as the appearance of induction 

We consider RPN in rabbits to be an analog of illusory optokinetic reactions 
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processes in the nerve centers after the termination of OKN. Consequently, the 
prerequisites for the development of the opposite process are  set up in the nerve 
centers during OKN. Special experiments in which the black-out was lifted 30 to 
60 minutes after the cessation of optokinetic stimulation revealed that RPN occurs 
even after such a long time interval. Delayed RPN shows how long the trace 
excitation circulates in the nerve structures before reaching the effector- the 
motor neurons of the eye muscles. This forces us to assume that circulation of 
trace excitation takes place in the sensory and not in the motor sphere of the brain. 

/16 

On the basis of phenomenological study of RPN, ilz the first approximation 
i t  is possible to draw the conclusion that the cause of the illusory optokinetic re- 
actions is trace excitation, as well as summation and induction processes in the 
nervous system. 

These experiments indicate that traces of prior optokinetic stimulation may 
be stored in the central nervous system for a long period before suddenly appear- 
ing in the form of unfavorable reactions when the visual stimuli are  cut back, 

Optokinetic stimuli of varying frequency parameters are an indispensible 
companion of man in his travels on all types of modern ground, water and air 
transports and spacecraft. 

At the same time there arises the question of the importance of the different 
links of the visual system in adjusting the OKN parameters to correspond with the 
parameters ofoptokinetic stimulation. From this point of view, RPN has proved 
to be an important index for understanding the mechanisms by which the OKN 
rhythm is transformed as a function of the frequency of tracking optokinetic stimuli 
per unit time. 

Data on the frequency of OKN and RPN are given in generalized form in 
Fig. 3. Plotted on the ordinate axis is the frequency of OKN and RPN, char- 
acterized by the number of bursts of nystagmus per min. Each point on the graph 
was plotted on the basis of 20 to 40 experiments with 4 to 6 rabbits. Consequently, 
the dynamics of RPN frequency can be analyzed from these graphs as a function 
of the frequency of the preceding OKN. It is evident in the graph that the RPN 
rhythm reaches a maximum before the OKN rhythm does. This fact indicates 
that the RPN rhythm is relatively independent of the frequency of the prior OKN. 
At the same time the maximum RPN frequency was almost equal to the maximum 
OKN frequency. In essence, RPN is the appearance of prolonged cyclic activity 
of the nystagmic nerve centers, and its maximum frequency represents the fre- 
quency at which these centers can trigger nystagmus, This leads to the conclusion 
that the appearance of a plateau on the graph af the OKN frequency depended on 
the resolving power of the nerve centers that trigger nystagmus. 
information obtained from the retina of the eye on the frequency and rate of stripe 
tracking, the nerve centers regdated the increase in OKN frequency within a 
specific range of cylinder rotation rates (1 to 6 rpm) and thenmaintained a stable 
OKN frequency (6 to 15 rpm). 

/17 - 

On the basis of 

It was assumed that cessation of OKN is connected with the reaching of a 
critical frequency a t  which the flashes merge and the retina makes no discrete 
distinction between stripes or  groups of stripes. However, the presence in our 
experiments of an additional index in the form of RPN permitted us to consider 
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6 IO /5 2!h’7/rpm 
22 39 -55 I32 220330 5%-594 stripes/ 

min 

Figure 3. Change in Frequency of 
OKN (1) and RPN (2) at Varying 
Frequency of Optokinetic Stimu- 

lation. 

this fact from a dif€esezlt vieayoiz% 
In fact, evexi ir: this series of e-qerirner&s 
aJ-1 the animds dewloped R,PN ~ f t s r  r f i $ i x  
was cut off. This fact led‘to the cone 
that evidently the critical rnergkg fre- 
quency of the moving stripes is highex fox 
the retina and was still not reached at a 
speed of 25-27 rpm (550-594 stripes per 
min). Cessation of OKN at the given speed 
and frequency of stripe tracking was 
governed by the oculomotor apparatus for 
which these optokinetic stimulus param- 
eters proved to be limiting. The eyep in 
making a discrete distinction between the 
black stripes and white intervals, did. 20.t 
succeed in responding to the moticm of 

bursts of nystagmus . 
The RPN phenomenon as the appearance of automatic trace activity of the 

nerve centers was applied to the analysis of the mechanism of QKN frequency trans- 
formation at a different stripe tracking frequency. This made it possible to dis- 
cuss the significance of the nerve centers, the optomotor apparatus and the retina 
in transforming the OKN rhythm. 

Now let us consider the second aspect. 

The receptive fields of the retina perform a number of operations in trans- 
forming visual information: the accumulation and selection of a signal from noise, 
the change of sensitivity to the resolving power (that is, an increase in acuity of 
vision with illumination), decorrelation of signals in time and space (obtaining 
responses only to a change in the light signal, the selection of image contours). 

At low’ levels of illumination the rod fields become effective, summing signals 1’18 
over a large area. This is achieved by high sensitivity to light, but the visual 
acuity is rather low. With increasing illumination, the smaller-size cone recep- 
tor fields go into action. The effective magnitude of the cone fields decreases with 
increasing illumination due to the development of an inhibiting process which pre- 
vents the peripheral field receptors from functioning. A diagram of the operation 
of the field is given in Fig. 4. At a low level of illumination a large number of 
recep,tors is connected to a single ganglion cell, all the inputs of the receptive 
field are positive, and excitation by the incident light is summed over a large 
area (Fig. 4, a). At a higher illumination level each receptor has its own separate 
output, the peripheral receptors transmit inhibiting signals to the output cells, 
and the resolution of the system is high; in contrast the sensitivity is diminished, 
but this is not important, since there is sufficient incident light (Fig. 4, b). 
During transition from one level of illumination to the next (as shown in the upper 
curve of Fig. 4, e), the receptive field readjusts (lower curve). At the same 
time a pulsed response appears, lasting until the excitation of the field is balanced 
by reactive inhibition. Finally, in the region where the illumination level drops, 
the receptive fields ensure that the contours of the image are enhanced. If the 
distribution of illumination over the retina is as shown in the upper curve of Fig. 
4,d, the signals arriving from the receptor fields at the point of decrease in 
illumination level will not correspond to the true distribution; as  shown in the 
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Figure 4. Diagram of the Operation of the Receptive 
Fields of the Retina, See the Text for Explanation. 

lower curve, the drop in illumination will be accentuated. The next step in 
information processing is carried out by higher-order receptor fields. 

The numerous data available at the present time indicate that the visual - /19 
analyzer contains a number of individual channels, systems, each of which de- 
scribes some particular property of the image. In the first approximation we 
can single out the following systems: the signal intensity coding system, the 
light coding system, the system for pinpointing shape elements, and the system 
for detecting motion. As a result, the image is a set of signals describing it 
in a form that is no longer the same as projected into the receptors of the retina. 

The purpose of primary information processing mechanisms is to eliminate 
redundancy in messages transmitted by the visual system. This redundancy is 
due to the statistical properties of objects of the external world and does not de- 
pend on the set of visual images which the individual has been taught. Therefore, 
primary information processing is carried out by deterministic mechanisms 
which are  fixed genetically during the process of evolutionary development. 

psychophysiological expression for these mechanisms. In these experiments we 
determined the time that is necessary to-recognize this or that image. The 
image was shown for a certain amount of time and was then replaced by another 
'ferasinglr image which completely screened out the first. Thus, after removing 
a plastic image, theiprocess of information analysis was interrupted by switching 
the visual system over to a new problem. 

We carried out some experiments in which we\succeeded in finding a \  
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Figure 5. Quantity of Information Received by an Observer 
as a Function of the Information Processing Time in the 
Visual System when Recognizing Lines Differing in Orien- 
tation and Sketches of Objects. Size of the Image is 4". 

Shown on the axis of abscissas' in Fig. 5 is the time the image was shown, 
and on the ordinate axis the average quantity of information obtained by an 
observer in one showing. The observer was trained to recognize images of a 
specific set. The dashes show the results of experiments in which the sets con- 
sisted of straight-line segments differing in orientation; the solid line refers to 

)experiments in which the sets consisted of outline images of ordinary objects. 
The data were obtained from a test person who had been completely trained to 
recognize the images of a specific set. 

In recognizing sets of four or eight differently oriented lines, the time of 
presentation does not determine the quantity of information received. The greater 
the choice the greater the quantity of information received by the observer at 
one time. This should be expected if the straight line is detected by mechanisms 
of the receptive field operating according to a standard program; that is, the time 
it takes to detect such a configuration is governed only by the signal-formation 
conditions. This is recognition on the basis of a fixed sample, by comparison 
with a stored standard. ~ Detection of the simplest configurations of the straight- 
line-segment type, of specific orientation, can be considered as  the singling out 
of elementary shape indicators. 

In the recognition of sets consisting of complicated sketches, the time re- 
quired for error-free detection. turns out to be greater the greater the number 
of figures the observer may expect to be shown under the experimental conditions. 
This very fact that the time required for recognition changes as  a function of the 
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magnitude of the range of possible images indicates that adjustments take place 
in the visual system as a result of a learning process. 

- /21 

If such images are shown for a brief period, insufficient for error-free 
identification, i t  turns out that the average amount of information received by the 
observer within a fixed period of time is the same for recognition of sets of three, 
five o r  ten sketches and is directly proportional to the time allowed for showing 
(as indicated by the solid lines in Fig. 5 ) .  

The slope of the solid line shows the amount of information received per 
unit time, that is, it shows the resolving power of the visual system. A cal- 
culation of the transmission power from the speed of recognition of single out- 
line images of objects yields values of 35 to 110 bits per second in various 
observers (in general about 50 to 70 bits/sec). 

On the basis of these and other investigations the process of visual recognition 
can be represented in the form of the following pattern. After primary trans- 
formation of visual information in the retina, elementary features of the image are  
singled out inhigher regions of the visual apparatus. The mechanisms by which 
elementary features are  singled out operate according to standard sub-programs , 
and therefore the time required for detection of elementary features does not 
depend on the quantity of information transmitted by them. The elementary 
features are  joined together in the learning process to form complex symbols; the 
latter a re  invariant with respect to such transformations of an image as  dis- 
placement within the field of vision, rotation with certain definite limits, change 
in dimensions, e tc. 

An image is recognized as a generalization by successive scrutiny the 
features from all sides. 

What value can these investigations possibly have for problems of space 
biology? 

Determination of the amount of information that the visual systems can process 
per unit time under various conditions and various parameters of the visual stimuli 
is necessary for rational design of equipment for the supply of visual signals 
(consoles) when man is a link in a control system. This becomes especially im- 
portant in spaceflight,when man must evaluate any eventual situation rapidly and 
correctly. 

These investigations are  also of value in designing equipment used to trans- 
mit visual signals. 

sign of equipment for automatic recognition of images according to the new 
principles. Investigations of the receptor fields of the retina a re  important for 
the design of a system permitting parallel processing of visual information (in 
contrast with series processing usually used in TV systems). The study of 
elementary features indicates that i t  is better to supply a recognition-teaching 
system not with signals from the receptors, as  is done in the perceptron, but 
with signals that have been made up by standard sub-programs set up on the basis 
of cutaneous- type receptor fields. Finally, the principle of sequential recognition, 

Third, and last, these investigations have become significant in the de- 

/22 - 
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as we found it, may have the following significance. The present recognition pro- 
grams and models of recognition devices a re  designed for the presentation of single 
images. A combination of several images, each recognized separately, is a new 
mode, unfamiliar to such devices. The setup of a system which might find the 
familiar and unfamiliar, ignoring all else to recognize one or the other, is 
more rational than sequential analysis. 

Now let us examine the third and last problem. Following the original scheme, 
we will consider two aspects in the system ffman-machine-manfr: man as a 
receiver of and as  a source of acoustic information. 

In solving the problem of optimal methods of communicating the necessary 
information to an operator, it is expedient to distinguish between two types of 
information. One of them can be defined as information on the essential param- 
eters of the existing situation without evaluating it. In this case each parameter 
can be, considered as a continuous variable. The task of the operator is to eval- 
uate the situation from the observed parameter values. 

The other type of information communicated to an operator is information on 
decisions. The simplest example 01 a decision is the insertion of an attention 
or  alarm signal in a circuit for the case when the values of an essential param- 
eter have exceeded the permissible limits. It is obvious that in this case it is 
advantageous to use acoustic signals, since they can be perceived by an operator 
regardless of his position in the cabin. Considerable difficulties arrive as soon 
as  it becomes necessary to transmit a large amount of information by acoustic 
signals. It is a well-known fact that the accuracy of absolute recognition of arti- 
ficial acoustic signals is extremely small. Work carried out at the Institute of 
Physiology has shown that, in addition, the reaction time to sound when there is 
a multiple choice increases to a very high degree. 

A possible way out of this situation is to use either vocal communication 
(optimal case) o r  quasi-vocal artificial symbols, 

Shown in Fig, 6 is the capability of recognizing three-element acoustic se- 
quences made up of vowel sounds ' (Curve 1) o r  of pure tones (Curve 2). Plotted 
on the axis of abscissas'is the length of each element in the sequence; on the 
ordinate axis is the percentage of information received, It can be seen that 
vowel sequences are  identified rather well by a human when the length of each 
vowel is 100 to 200 msec. At such acoustic lengths tonal sequences are not 
recognized at all. Satisfactory recognition is achieved only when the tone length 
is increased to 400-500 msec. 

An analysis of this phenomenon was made during a series of investigations, 
permitting us to come up with some general ideas concerning the mechanisms by 
which a sequence of acoustic signals is perceived. 

acoustic memory is highly limited, being approximately equal to 100-200 m sec 
of the acoustic flux. In this connection, man cannot memorize the acoustic image 
of the entire sequence as a whole; he is forced to make a decision regarding each 
element of the sequence as  i t  occurs and to memorize the sequence only as a 
sequence of decisions. 

A nuraber of experiments led to the conclusion that the volume of the human 
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Figure 6. Possibility of Recog- 
nizing Three-Element Sequences 
as  a Function of the Length of 
the Sounds Making Up the Se- 

quences. 
1-Sequences Made Up of Vowels 
(u, a, 0); 2-Sequences Made 
Up of Tone Signals (150,500, 
1600 Hz). The Amount of Trans- 
mitted Information is 2.6 Bits 
Per Sequence (choice of six 

equally probable sequences). 

A remarkable peculiarity of speech 
perception is the very rapid, running re- 
coding of acoustic patterns into articulatory 
motor images of the sounds being heard. 
This is attested to, in particular, by the 
fact that man can repeat speech that he has 
heard with very small time delays (120- 
150 msec). 

The large amount of data forces us to 
assume that the space of motor symbols 
characterizing articulatory images is con- 
siderably smaller than the space of acoustic 
symbols. Consequently, the transition from 
continuous acoustic action at  the input of the 
auditory system to its description by a 
sequence of discrete motor images means 
that the information has undergone con- 
siderable abbreviation, that is, that the 
data have been represented in a new, highly 
economic form. 

Special experiments have demonstrated, 
however, that the volume of the operative 
memory for a sequence of motor images 
is also not very large, equaling approxi- 

mately seven syllables. This means that man cannot memorize a long sentence 
simply as a sequence of meaningless syllables. He must somehow change over 
to new descriptive elements which will ensure an even more economical repre- 
sentation of data. 

- /24 

The experimental data lead us  to believe that the next stage in information 
processing consists in instant-by-instant selection and analysis of word-forms, 
A word-form is no longer memorized as a sequence of its syllable or  phenome 
components, but as  a set of symbols (grammatical and lexical) characterizing the 
position of the word-form in a set of possible word-forms of the given language, 

In other words, in this ,space there occurs la transition from description of a 
message in the space of motor speech symbols to description of the message in 
the space of linguistic symbols which no longer characterize speech, but language, 

It is appropriate to emphasize that all this complexity in organizing speech 
perception is not at all unnecessary. It is precisely because of this complexity 
that it is possible to overcome difficulties in processing acoustic information 
connected with the limited volume of the operative memory. This must be kept 
in mind when attempting to set up any artificial "language" for acoustic signaling, 

A method has been developed for complex recording and measuring articula- 
tory parameters in the dynamics of the speech flow (Kozhevnikov, Chistovich 
et  al. ). A number of gauges permits simultaneous and continuous recording of 
the following indicators in the form of electric signals. 
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1. Respiratory motion at various levels of the chest and abdomen 

2. Pressure inside the mouth 

3. The rate at which air  is expelled from the mouth cavity 

4. The rate at which air  is expelled from the nostrils 

5. Lip motion 

6. Motion of the lower jaw 

7. Dynamic palatogram (dynamics of contact of the tongue with various zones 
of the hard palate) 

8. Oscillations of the vocal chords 

9. Acoustic pattern in the nasal cavity 

10. Normal acoustic speech pattern, recorded by a microphone 

11. Electromyograms of a number of muscles participating in articulation 

Figure 7 shows the test subject with the main gauges of the articulatory 
parameters. 

Since it is possible to make an accurate 
comparison of the time relation between 
various articulatory phenomena in the dy- 
namics of the normal speech flux and since 
i t  is possible to obtain experimental data 
in a volume completely sufficient for 
statistics, it is possible to carry out in- 
vestigations for the purpose of clarifying 
the following factors: a) the elements 
making up the speech flux; and b) the 
general principles underlying the construc- 
tion of a coherent speech flux from these 
elements. 

The basic experimental material was 
compiled from a statistical investigation of 
the time pattern of articulation during vari- 
ations in speech tempo, a quantitative study 
of the phenomenon of artificiaJly stimulated 
stutter during delayed acoustic feedback, 
observation of the effects of reduction and 
overlapping of individual articulatory phe- Figure 7. Test Subject With the nomena, investigation of the peculiarities of 

Basic Of the speech respiration, and from various other Parameters. experiments. 
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This material cannot be presented completely in the present report, but it 
allows us to state the following concepts regarding the elements and principles 
of organizing the speaking process. 

The fundamental elements which are  realized successively in the vocal sys- 
tem to produce coherent speech are  complexes of syllable-forming motions. 
The characteristic feature of syllables in the Russian language (despite linguistic 
notions) is their open nature; they always end in vowels. Coordination of motion 
within each syllable is complicated; the effector commands for articulation of the /26 
program of a syllable are  given with a considerable overlap in time; only motions 
which are,antagonistic per s e  a re  carried out in rigorous sequence. As can be 
imagined, the syllable-forming motions are coordinated primarily on the lowest 
levels of the nervous system. Thus, a syllable can be considered as a sort of a 
frblo.ckfl in whicha definite part of the program of speech synthesis takes place. 

In coherent speech, syllables are  combined to form larger units in the 
''physiological organization" of the speech flux-syntagmas. ' A syntagma can be 
defined on the basis of certain1 features-speech respiration: the intrapulmonic 
pressure is observed to be maintained continuously over the entire extent of 
each individual syntagma, and intake is possible only between syntagmas. Thus, 
the syntagma is a longer section of the program that controls speech synthesis. 
It contains a definite sequence of syllables that is realized in a certain complex 
rhythm . 

- 

A diagram of the basic operations that are carried out in the synthesis of 
syntagmas and syllables in the spoken language is shown in Fig. 8. 

Q 

Figure 8. Diagram of the Operations 
Performed in the Synthesis of Syllables 

and Syntagmas. 
A-Blockof the Syntagma Program; B1, 
B2, . . . , Bn-Blocks of the Syllable- 
Forming Program; C-Articulatory 
Motions (ffeffector organs"); a--"Trig- 
geringsignal Iffor the Syntagma; b l ,  
b2, . . . , bnJ'Triggering Signals for the 
Syllables; ci,c;I,.. . , ch; cy,. . . , . . .- 
"Triggering Signals" of the Articulator 
Motions; dl ,  d2-Signals for Correcting 

the Syllable Program. 

The sum total of the data obtained 
in the study of the dynamics of the 
articulatory motions of the spoken 
language permit us to make the 
following statement. Obviously, the 
transition from a ,sequence of phoneme 
symbols describing the sentence pro- 
gram at higher levels of speech control 
to a sequence of articulatory motions 
is accomplished in part by arranging 
the sequence in groups, each group 
being terminated by a vowel. Groups 
of symbols are fed one by one to the 
input of the motor system and are 
used to synthesize or select the cor- 
responding articulatory complex made 
up of syllables. This makes it possible 
to ensure an extraordinarily high rate 
of generating information by speech. 

Of course, such a method of 
solving the problem of increasing the 
information transmission rate is 
possible only when the number of 
muscle groups involved in producing 
the complex, i. e. , the number of 
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different articulatory complexes, is very high. For instance, the number of 
different simple syllables in speech amounts to several thousand. Moreover, 
coordination of motions within each complex must be very precise, as is the 
case in speaking. 

These facts induce us to assume that it is unrealistic to propose the possi- 
bility of developing a new, artificial system of motions that could be used to 
provide the same rate of information transmission as in the case of speech mo- 
tions. Attention should also be called to the rather remarkable fact that the 
transmission power of the visual system and the speaking organs coincides 
(50 bits/sec), a fact which indicates that there is good agreement between the 
amount of information processed at  the rcinputff and ffoutputff of the nervous sys- 
tem. Obviously, voice communication is the most promising way of trans- 
mitting information from an astronaut to the equipment. This means that re- 
searchers must devote serious attention to the development of equipment for 
the automatic identification of speech. 
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PSYCHOPHYSIOLOGICAL CHARACTERISTICS OF THE 
SOLUTION OF MOTOR PROBLEMS 

BY MAN 

N. A. Rokotova 

The further development of space fligbt is dependent on the reliability of the 
human being as  a biological system, that is, on the degree of his resistance to 
unfavorable flight factors as  well as on the limits within which he can be trained 
to be stable to such factors. However, even successful solution of the problem 
of the reliability of the human being as a biological system does not furnish 
a complete answer to the problem. 

The second aspect of this problem is intimately connected with determining 
the control and communication functions that can be entrusted to an astronaut. 
Obviously, i t  is expedient to have a man aboard a spacecraft when we think that 
he will be able to carry out those functions of controlling a spacecraft, the 
communication system and the flight situation as a whole that even the most 
highly perfected machine cannot do. 

At the present time, psychology and physiology are  hardly in a position to 
provide a\clear answer to this question, since i t  has never risen before in this 
formulation and ‘since it still requires much and varied research. Obviously, 
this research work will have to develop along two principal equal lines: 1) a 
theoretical study of the higher nervous activity of man within the scope of the 
problem ‘rman as  a link in a control system”; and 2) a study of the specific control 

1 functions, under optimally real conditions, using trainers, simulating some of the 
actual equipment of spacecraft control systems. 

answer to the question as to whether and how man can handle the control systems 
simulated in the trainer. However, a closer examination reveals that such a 
method can never yield a fundamental solution to this problem or  a prediction of 
human behavioral patterns under work conditions with certain new, untested con- 
trol-panel designs or under conditions in which new problems arise. 

At the present time, study of the higher nervous activity of man urgently 
requires a d y s i s  of his effector a c t i v i ~ .  AS technology develops, the effector 
activity of man, being most completely representative of his professional acumen, 
is changing more and more distinctly from the category of motor skills to what 1 may be called the solution of problems. 

At first glance i t  may seem that the second line of research will yield a clean 

In this connection, the most important of the requirements imposed by such 
type of activity are those on the higher organs of control of activity itself, on the 
higher nervous activity of man. At the same time, theiclassical ideas of the 
higher nervous activity of man do not include an analysis’,of his effector activity; 
in essence, they reduce this activity to a sum of simple single actions (answers) 
to signals from without. Such ideas are insufficient, because in our opinion they 
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do not contain the principal characteristic of higher nervdus activity, which in- 
volves organizing the process of doing something and which determines every 
kind of human activity, especially professional activity. 

The aim of the present paper is to summarize the experimental work and the 
resultant hypotheses on the methods of organizing the effector activity of man. 
The experiments were carried out by a team from the I. P. Pavlov Institute of 
Physiology (N. A. Rokotova, I. D. Bogina, I. M. Gorbunova and Ye. S. Rogovenko) 
from 1962 to 1965. 

Dynamic Human Stereotypes as  Programs - /29 

Precision of action is ensured when the motor act is organized in such a 
way that the process is completed by the minimum groups of muscles necessary 
for the given problem and that the muscle contractions of these groups a re  time- 
correlated. Economy of motion is further narrowed down by saying that the 
effort exerted by each muscle and group of muscles can also be said to be the 
minimum necessary to solve the given problem [281. However, organization of the 
motor act does not exhaust the problem of organizing action, since we are still 
leftwith the problem of correlating individual motor acts. In its most obvious 
form, this question arises when the complex of motor acts consists of several 
motions, each of 'which is familiar to the human being (i. e. , the motor act itself 
is organized with respect to coordination). 

This is true of motor acts in which machinists or  pianists depress keys or  
an operator standing at a console presses buttons or turns handles. How does 
a man who skillfully performs a sequence of actions differ from an untrained 
man? One of the possible answers is that skillful performance is distinguished 
by the highest precision and by the rate at which individual motor acts are carried 
out in succession. In the opinion of various authors the reasons why motor se- 
quences are carried out effectively can be found: a) in the motor system itself; 
b) outside the motor system; and c) within the framework of control of motor 
acts. 

The first viewpoint, which was formulated by Campbell {7] as early as  1936, 
reduces to the existence, so to speak, of general motor or  technical capabilities. 
A corallary of this viewpoint is that there should be some correlation between 
the level with which one motor skill is performed and another. However, the 
numerous studies made by Seashore [15] on the basis of a large amount of material 
have proved convincingly that this viewpoint is without foundation and that there 
is no correlation between different forms of motor skills. Seashore's results 
indicate that the performance of individual types of sequences of actions is of a 
very specific nature and lead us to believe that actions are organized at the 
level of some definite sequencejor motor problem, governing the specific nature 
of the given motor skill. 

The basic concept underlying the second viewpoint is that the level of the 
motor skill (performance) is determined by the logical side of the problem, 
i. e. , by the flow of information received from without. This is the reason for 
the many investigations of the motor response time as  a function of the physical 
and informational characteristics of a signal. A number of studies [5, 25, 261 - /30 
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~ ~ e ~ ~ . o ~ ~ ~ ~ ~ ~ ~ d  that a response time of ,100-150 msec to a single signal increases, 
n the srigndl carries eight alternatives (possible decisions), 

that is, three bits of information. On the basis of this viewpoint, let us consider 
the work of a trained typist typing some text from .a sheet of paper. We know 
that a letter of the Russian alphabet carries 5 bits of information (there are 32 

,letters, i. e.-, it is possib:e to make one of 32 decisions in recognizing the letter 
on the keyboard before pressing the key). This quantity is distinctly greater 
thm tke one (3 bits) that requires no less than 800 msec from the time the signal 
is pxwduced to the time the key is pressed. Let us assume that this time does 
not increase beyond 800 msec. This means that the rate at which the typist 
should work is somewhat more than one letter per second. This is a rate which 
corresponds approximately to the concept of "channel capacityy" in communication 
theory; in magnitude this rate is similar to the experimentally determined trans- 
mission capacity of a human,[30l,'which amounts to about 6 bits/sec. At the same 
time, we know that an experienced typist can type 4-6 symbols per second. 
Special studies of the amount of /information at such speeds have shown that the 
quantity of information in this case would be about 25-30 bits [32,33]. 

Such a serious discrepancy between the real performance index of an experi- 
ist and the theoretical level that might be achieved if the speed and 

accuracy of the work were governed only by the flow of input information indicates 
that these concepts are insufficient. 

m e  t h i ~ d  viewpoint combines the reasons for the effectiveness of motor 
B and control of motor acts and develops ideas as to the hierarchy of pro- 

gzrz-ils that m~ be used to eontrol the different variables that make up an organized 
secpmm 02 motcm acts. The program is a certain description of the performance 
2:~seae, 1: may resemble a sheet of paper with written instructions concerping 
the enumeration, order and method of performing individual I operations making 
up the given motor problem. In other words, the program,is a sum of the in- 
stmctionfp, as to how a problem is to be carried out (such instructions for the 
typing operation -might be: find the nec r y  letter, identify,! move the hand, 
put the fizger ia contact with the keybo lift the finger, check the result, etc. 

A hierarchy of programs is a concept relating to a stratified programming 
structure, which is reminiscent, e. g. 
The top c s m a n d  level gives only the most general instructions which, as they 
descendithe hierarchical ladder, become progressively more fragmental and 
specific. It can be imagined that thelowest rung of the ladder of motor programs 
is a set of instructions to definite groups of muscles ordering them to contract, 
so as  to give finality to the required work posture, whereas one of the highest 
rungs is associated with instructions for prescribing the order of the actions in- 
volved in the task (using the typist as an example, take a piece of paper, insert 
it, transport the lines, type, etc.) and for prescribing the working mode (the 
speedwhich governs the length of the intervals between individual actions). 

Ideas on behavior as a sort of program are not new in physiology, even 
though they have only recently been given the impetus for rapid development as 
a result of the success achieved in other branches of science. In his investiga- 
tions I. P. Pavlov came quite close eo a similar idea, as is indicated by such 
zpproaches in his work as the consideration of a dynamic stereotype, time reflex and 
reflexwhen a reference is made to apoint of reinforcement in a series 9 1 , In 1963 

of the structure of administrative control, 
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Asratyan r21 pointed out the program nature of a stereotype. Furthermore, we 
should mention the ideas proposed in 1947 by N. A. Bernshteyn relating to the 
steps involved in motion [3]. The voluminous evidence cited by the author con- 
cerning the description of certain motor tasks is a convincing argument that 
actions are  carried out according to a program. 

In 1951 Lachley [2f l  formulated the idea that the principles of various form 
of behavior (verbal, motor, professional) are general. He examined the order 
of actions in a sequence and stated that not only speaking, but also motor acts 
present us with the problem of time integration of the sequence, the problem of 
ordering individual activities in a certain time interval. 

In the last four years the development of programming concepts as the basic 
principles for understanding behavioral mechanisms (especially motor problems) 
is characterized by the appearance of a number of works of theoretical nature in 
which various schemes for program control of behavior gre suggested [4, 19, 24, 
311. The authors of these articles have brought forth many useful arguments, 
but the physiological value of the schemes they proposed is as,yet unclear. 

The development of programming concepts in describing the behavior of 
man has a number of advantages over other representations of human behavioral 
mechanisms. It has simplified, e .  g. , understanding of certain pathological 
forms of behavior such as apraxia, because they can be examined as a disease 
of the programming mechanisms. Simplified in the same way is the description 
of certain conditioned-reflex forms of behavior such as the time reflex o r  reflex 
to alternating reinforcement, In order to describe conditioned time r e  
language of conditioned reflexes, it is necessary to draw on a number of addi- 
tional explanations, since the conditioned time reflex does not contah a conditioned 
signal in the usual sense, ,and it cannot be realized only once, However, the 
features characterize the usual conditional reflexes, The idea of a program that /32 
can be used to deliver individual responses over equal time intervals simplifies 
the understanding and description of conditioned time reflex. 

p__ 

Thus, the problem of programmed behavior mechanisms is very important 
to the science of higher human nervous activity, and in this connnection it must 
be noted that the amount of experimental investigations in this domain is un- 
accountably small. 

In 1932 Lamley {SI demonstrated that man can be taught a series of actions 
formed only on the search principle. A man stood before a typewriter and was 
presented the problem of selecting a letter in the mind of the experimenter. 
Since the experimenter had a program with a fixed order of letter choice, the 
test subject could discover the expermenter's system of actions and could reduce 
the number of searches by formulating a system (stereotype) of responses. Sub- 
sequently many authors carried on their work using the search approach to study 
systematic behavior. This type of problem is an example of a certain stereotype 
developed without the aid of external signals. 

I. P. Pavlov showed that the idea of a stereotype consists in the formation 
of a connection between individual conditioned reflexes by repeating their order 
~f sequence, The classical proof of this fact is the experiment in which the 
external, conditioning sigdals were discarded, leaving the order of succession 
of the responses unchanged. 
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In our experiments itwas shown that the property of a stereotype to control 
the order in which responses are made is stable, making i t  possible not only to 
eliminate signals after the stereotype has been taught, but also to organize the 
process of teaching a stereotype independently of external signals. This prop- 
erty was studied by us both in higher animals and in man [ll, 12, 131. 

made is based on interrelationships between responses distributed in a certain 
order raises the problem of control programs in which the position of each re-: 
sponse in the sequence is fixed. 

The existence of forms of behavior in which knowledge of the response to be 

The fact is, as our experiments have shown, that man is capable of develop- 
ing stereotypes of up to 48 components in length without external signals 1141. 
Since such stereotypes do not contain signals indicating which response can be 
found, say, in the 36th position of the stereotype, such indications must be pro- 
Widad by some sort of control mechanism. In order for such a mechanism to 
issue responses, while preserving a,strict order, i t  must be either of the com- 
puter type or must be based on relations between individual responses. A 
mechanism which counts the number of components in a stereotype when the 
stereotype is of considerable length is uneconomical and cumbersome. A 
mechanism based on relations between responses is more favorable, because 
not all the responses in the stereotype need be enumerated, a relationship need 
only be established between several responses. Let us illustrate this with an 
example. 

Let us imagine that we have presented a man with the task of deve1oping.a 
stereotype under the condition that there are  two' signals (denoted below as  ?Iredrr 
and "green") which are to be used in making one of two responses, say, de- 
press one of two buttons. The stereotype consists of 9 units; the order of se- 
quence of the signals and responses is presented in Columns 2 and 3 of Table 1. 
the problem is: how will the man behave after developing the stereotype if we 
get rid of the signals and change them by repeating one signal, e. g. , the red 
one? From the classical experiments we know that in the same situation animals 
repeat the number and order of the responses developed in the stereotype. But 
in this case man, more often than not, will begin to repeat response 1, which 
is related to actuation of the red signal. At the same time, if he is asked to re- 
peat the learned order of response to the action of only the greenlsignal, he will 
be able to reproduce this order. This means that the, mechanisms governing the 
response activity of man under such conditions involves, in addition to fixation 
of the order of responses, the formulation of a rule of the type The red signal 
requires the first response. 
possible, e. g., to make any arbitrary increase in the number of signals and to 
make any combination of them. Thus, the sequence of response actions ceases 
to be dependent on the number of signals used, but is based on a rule connecting 
a specific signal with a special response. 

In\ connection with this rule it has proved to be 

- /33 

TEis is one aspect of the response activity. Another aspect is connected with 
the fact that a human being repeats the order of events, when the order of the 
signals is changed, by repeating one signal. In the case of the stereotype de- 
scribed in the left half of Table 1, in order to reproduce the order of events it 
is necessary either to memorize the entire. list and order of the signals and use 
the rule whereby the signal is related to the response or to memorize the entire 
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TABLE 1. Problem of Developing a Stereo- 
type With Two Signals 

2 
1 
2 
2 
2 

1 1  
1 1  

a . 
t Ked 1 Red I 
2 V 1 * I 
3 Green 
4 Red 
5 Green 
6 b) 

7 2+ 

8 Red 
9 V 

list and order of the responses. In either case, the delivery of a response in the 
stereotype order evidently requires enumeration of all the components of the 
stereotype. 

Hence, analysis of such stereotype still does not yield an answer to questions 
concerning the mechanisms which indicate position in a stereotype on the basis 
of knowledge of the relationships between neighboring acts. Now let us turn 
to the right half of Table 1. Here we are also dealing with a stereotype as well 
as with a definite order of the responses. Here, however, the relations between 
the individual responses are governed by other characteristics. 

The fact is that this characteristic is based on rules governing the relations 
between three events: two neighboring actions-the past and present-and the' 
present signal. Man can formulate these rules for himself approximately as: 
?ton the red signal stay where you were the last time; on the green signal, change 
position. In this kind of stereotype the order of signal succession can be com- 
pletely random, whereas the response behavior is completely systematic. The 
system of responses in this case is connected with the acting signal as  a condition 
defining which signal is to be used in giving the next response. Such relations 
between external signals and responses are  similar to the input and system 
relations in technology, and therefore we have ,denotedColumn 4 of Table 1 as a 
ffreplacement of the input signal Combination. If This kind of stereotype was de- 
veloped in more than 30 men 1141. 

It is clear that the. possibility of experimental development of such behavioral 
systems in man leads us necessarily to ideas of control programs and to clarifi- 
cation of the problem of the component parts of control programs, 

The Teaching Process as Synthesis of the Order-of-Action Program 

In 1948 Woodworth formulated the motions of two-phase and polyphase motor 
units 1341. 

Green 

Red 

Green 
Red 

P 
8 

P 
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Expanding his notions, Fitts discovered the nature of the polyphase unit 
and stated that i t  may be pmZisd%gY thie mit whichj 
fommoe program [%I. 

"he concept of a two-phase motor unit is a concept relating to a single motor 
act such as  grasping, pressing, throwing, jumping, and consists of a preparatory 
phase (to squeeze i t  is first necessary to open one's fingers) and an effector phase 
(the grasping act proper), In its simplest form a polyphase unit is a sequence 
of several two-phase units, that is, a larger or longer piece of motor activity 
which, obviously, is somehow connected (e, g. , connectedwith the fact that individual 
acts are successive in time and are done repeatedly in the same\ sequence). 

In our experiments we found that individual acts are grouped together in a 
motor sequence. Subsequently we made a special study of this fact, so that 
now we possess data which enable us to single out the individual forms which the 
phenomenon of action-clustering takes on [ 12, 131 . Let us consider some examples. 

ar t  of the per- b 
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Imagine that it is necessary to memorize a certain sequence of motor acts, and 
that this sequence is so long that it cannot be memorized at one time, Let us 
say that the sequence consists of 36 individual actions, Let us consider a teach- 
ing method in which the entire chain of events that must be learned is somehow 
presented, and each time it is presented we will ask that what was memorized be 
repeated. 

The general course pursued in solving such problems reduces obviously to 
the fact that the number of the repeated actions increases from presentation to 
presentation until all 36 actions are reproduced. The question arises as to how 
many actions are added to the part already learned in one showing or  for each 
repetition. In our laboratory we carried out experiments aimed at solving this 
problem. In brief, the essence of the experiment reduces to the following. W e  
macle up two problems of learning and repeating a sequence of actions. Each 
action consisted of pressing one of eight keys of a special panel. The keys 
were arranged in two rows of four each and occupied an area of 8 x 28 cm. 

Both problems contained 36 actions to be accomplished in different order, 
In setting tap the sequential list of actions we took into account the location of 
the keys over the surface of the panel. From our previous experience we lcr~ew 
that people lump together individual key-pressing actions on the panel. when 
these actions are  carried out on keys in a row or  when the transfer of the h a d  
from one key $0 the next described, some geometrical figure. This fact served 
as  a basis for putting together the problem in this geries of exqerimentrs, TP3s 
36 actions of which problem 1 was composed were arranged in such an order 
that every four actions (first to the fourth, fifth to eighth, etc, ) couldbe lumped 
together. In problem 2 the 36 actions were arranged in such an order that every 
3 or 6 actions could be grouped together. 

The learning procedure consisted of instructions in which the problem was 
to learn md repeat the order of the 36 pressing actions 
itself and of the sabsequenf. multiple repetition of the st 
p~.l;ceda~a was carried cut by repsateilly ~ ~ ~ - ~ ~ s ~ r ~ ~ ~ n g  
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entire sequence of actions, followed by a repetition of what had been acqcired 
(immediately after termisaati 
arranged in the same way as on the pmel served for the demonstration. The 
test subjects were acquainted with the unique relationship between the signal 
and the key and were then shown the order of the actions by consecutively flash- 
ing the respective signals. 

the  onstrat strati on). A set of eight light signalla 

A twelve-man group of test subjects was selected to learn both stereotypes. 
One half of the group was taught problem 1,. and three days later problem 2; the 
second half fulfilled this task in reverse order, 

In order to solve the problem of the magnitude of the gain we counted all 
differences in the number of repeated elements between successive repetitions 
in the learning process. For example, if the test subject repeated 6 actions 
after the first presentation of signals, 10 after the second and 13 after the third, 
the respective differences making up the magnitude of the gain was 6 ,  4, and 3 
actions . 

1 

1 10 

05 

20 
i5 
10 

1 and !- 5 

Problem 2 I 
L 
to and more 

more 
Number of actions 

Figure 1. Distribution of the Number of Actions Gained in 
Each WtepVf of the Learning Process as a Function of the 

Structure of the Problem. 

Shown in Fig. 1 are summary data covering the entire group of test subjects, 
characterizing the size of the gain from repetition to repetition. From- the 
figure i t  is evident that cases of only a single-action gain a re  the rarest. Most 
frequent are the magnitudes of those gains which correspond to the structural 
features of the problem (4 actions for problem 1 and 3 and 6 actions for problem 
2). Consequently, the learning process is of a nonuniform, discontinuous 
nature, the nonuniformity evidently being connected with the formulation of a 
control program consisting of certain blocks containing several clustered motor 
acts . 

A more detailed description of this series of experiments is given in an article /37 - 
written in conjunction with I. M. Gorbunova: rfOn certain features of programming 
a sequence of human actions, which can be found in this collection. 

The dZscontinu~w 
nstu th the blocking - 
process, that is coupling individual responses into certain blocks, There is 
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reason to believe that these blocks have the character of a new, closed behavioral 
unit (not unlike the polyphase motor unit of Woodworth and Fitts). In experiments 
on a 30-man group of test subjects who learned a sequence of 36 actions (problem 
1 given above) we analyzed 
of coincidence between a se 
stereotype. The results of are given in Table 2 in 
distribution of errors committed by the group of test subjects during the same 
learning periods. Selection of the errors committed by the test subjects was 
based on the fact that a correct response was considered to be only a response 
made at the point that corresponded to its correct position in the stereotype. 
Hence, the responses which reproduced individual elements of the stereotype, 
but were not made at the correct points, were considered as errors. In such a 
contextitwas found that the bulk of the errors stemmed from clustered actions 
arranged in an order that differed from that in the given stereotype. As is 
evident from Table 2, after 20 learning repetitions, 55% of all errors were due 
to the fact that clusters of responses corresponding entirely to specific parts of 
the problem were not reproduced at the correct points; the remaining errors were 
also connected with the effect of grouping actions. Only 20% of the errors were 
not connected with coupling of acti’ons into blocks. 

TABLE 2. Error Distribution in Repeating a Sequence 
of 36 Actions 

Thus, the integrity of a block of actions is supported by the fact that - 138 
theblockwas freely transposed,’ while preserving the order in which the coupled 
motor acts were arranged. 

Selection of Coupled Blocks of Actions. The nonuniform, or discontinuous 
nature of the learning process is connected with the process of clustering actions 
and comes to light in another way. If the stereotype is learned from the very 
start without any relationship with specific signals, but by searching for or 
guessing each individual consecutive action, it turns out that the order in which 
individual actions are acquired does not correspond to their consecutive positions 
in the stereotype, 

Twenty test subjects worked through a stereotype consisting of 20 actions, 
each of which had to be found 8 possible motor acts (in somewhat 
the same way as with Lamley’ During this test not once did we observe 
the process of accumulation of a sequence of correct responses, which would 
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have meant a gradual increase in the number of terms as well as  maintaining 
them in order (first the 1st term of the stereotype, then the 2nd, 3rd . . . 20th). 
A typical case of learning such a stereotype is shown in Fig. 2, which presents 
the experimental record of test subject V-ts. The black squares, which show 
the positions of the correct responses, clearly demonstrate the presence of the 
process of coupling individual correct actions and of singling out a coupled group 
of responses to which more and more new responses are added to each side. 

I Number of the action in the seauence I 
Thus, there exists a number 

of proofs of the fact that learning 
of a stereotype is connected with 
the process of forming, singling 
out and combining groups of 
motor acts. 

Coupled blocks of response 
actions are  built up in such a 
way that it is possible to give a 
general description of a block. 
This indicates that the human 
control nervous system has a 
program-type of control mech- 
anism in which concrete pro- 
grams are set up (synthesized) 
in learning a new motor problem, 
Evidently, under the conditions 
of the problems described above, 
the programs ape composite, con- 
sisting of several elements or 
subprograms, such as the struc- 
tures that ensure the execution 
of a coupled group of actions. 

Figure 2. Experimental Record in Learn- 
ing a Stereotype by the Search Method. 
(Test subject V-ts.) The Open Squares 
are  Errors, the Solid Ones Correct Re 

sponses. 

CENTRAL MECHANISMS 
GOVERNING THE TIME 

DISTRIBUTION OF 
MOTOR ACTS 

Rhythmic Pattern of the Time Distribution of the Process 
O W S  

In order to formulate a hypothesis on the location of the grouping process in 
mechanisms of the control program, it-& necessary to draw on ideas relating 
to the hierarchical structure of programs, which was discussed at the beginning 
of the article. In connection with the above-described results of analysis of the 
stereotype learning process, i t  might be assumed that the process of forming a 
block is independent of the process of joining blocks. Then, based on published 
viewpoints on the hierarchy of programming mechanisms, i t  is permissible to 
assume that block-forming processes reflect two levels of mechanisms in the 
control program. 
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The upper level issues instructions on the order in which blocks of responses; 
are made, whereas the lower level controls the order in which the individusl.Te---- 
sponses making upthe blocks are  delivered, I€ this hypothesis is correct, it can 
be expected that the total time for performing a stereotype will not be uniformly 
distributed. In particular, i t  can be expected that the interval separating ad- 
jacent actions of different blocks will be different from the interval that separate 
adjacent actions of one block, 

In connection with these ideas we made repeated measurements of the time 
for performance of a stereotype after learning the above-described problems of 
a sequence of 36 key-pressing operations. Measurements were made of all the 
time intervals for peforming the sequence of actions, 

__._. /40 

A tenfold record of the performance of the stereotype was made on a multi- 
channel loop oscillograph and measurements were made by examining the tapes 
on a photoampilifier provided with a measurement grid, We measured the time 
spent by man in executing the individual actions of the stereotype and the length 
of the pauses between adjacent actions. For each test subject we computed the 
average values of ten measurements and then computed the arithmetic means 
of the group of test subjects and the rms deviations. 

Presented in Fig. 3 are data on the length of the pauses between individual 
motor acts as  a function of the location of the pause in the stereotype, Given in 
the upper half of the figure are  the values which characterize the execution of 
problem 1 and in the lower half, of 1 problem 2. Verticals were drawn from the 
peaks of each curve. From the figure i t  is evident that the distribution of time 
intervals is specific for the execution of each problem. Thus, thhe peaks of the 
curve characterizing the execution of problem 1 refer to the 8th, 12th, 16th and 
20th positions, while those of the curve describing problem 2 relate to the 
6th, Qth, 12th, 15th and 18th positions of the stereotype, The values of the rms 
deviations, which characterize the degree of individual scatter, do not overlap the 
characteristic rhythmic pattern of each stereotype. 

Thus, the rhythm of the time pattern of a stereotype is described by the 
greater magnitude of some pauses as  compared with adjacent pauses. The 
longer pauses are found at the points where the individual blocks making up the 
stereotype join. The fact that the problem is specific shows up in the number 
and size of the groups and is detected in the distribution of the completion-time 
intervals. Consequently, clustering’is that sign of an ordered sequence of actions 
that characterizes not only the learning process but also the execution process. 

It must be noted that a number of authors have drawn attention to clustering 
phenomena in other forms of motor problems, such as alternating motion of the 
right and left arms I l O ] ,  load-lifting motion [IS], walking in a maze (231, as well 
as in other forms of response activity (repetition of a sequence of letters by 
naming them [ZO]). 

Stability of the Rhythmic Pattern of a Stereotype. The idea that the distri- 
bution of the time intervals in a stereotype creates the specific rhythmic pattern 
of the problem can be strengthened and verified by investigations devoted to the 
stability of the rhythm to a change in the overall working speed as well as to the 
degree of training of the test subject for the given task. 
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Figure 3. Time Distribution (pauses between adjacent 
actions) in Carrying Out a Stereotype as a Function of 

the Structure of the Problem, 

Formulation of the problem of the effect of speedon the rhythmic structure 
of a sequence is due to L. A. Chistovich [IS], who demonstrated that the rhythmic 
structure of the spoken language does not change with the speed. In our research 
we found similar facts applying to the execution of motor tasks. The experi- 
ments were conducted in the following fashion: After learning a sequence of 24 
actions, 15 test subjects were required to carry out the sequence several times 
at their best speed. At the same time the experimenter noted the time it  took 
to perform the task. Then he asked the test subject to work at precisely that 
tempo as  smoothly as  possible and to keep within a time interval limited by start 
andfinishsignals. The aim was to make the last action of the test subject co- 
incide with the finish signal. Ten executions of the stereotype were recorded on 
the oscillograph at this original tempo. In addition, the test person was asked 
to reduce the tempo by one and a half. Now the finish signal was given after a 
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start-finish time interval greater by afactor of one and a half than the original one. Ten 
executions of the stereotype were recorded at this tempo. Finally, the test sub- 
ject was asked to return to the original tempo and a 
stereotype were recorded. Each time the 
changed the time interval limited by the two s 

al time 
ic pattern of the 
se data are shown 

measurements of the period r 
individual act (the time it  took to move the hand plus the pressing time) ex- 
pressed in fractions of the total period during which the task was fulfilled. 
It is clearly evident that the rhythmic pattern of the stereotype is invariant, 
indicating that the tempera1 distribution of actions in a stereotype is stable with 
respect to the overall performance speed (tempo). 
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Figure 4. Distribution of Time During the Execution of a 
Stereotype at the Optimum Tempo (l), at a Tempo Slower by 
a Factor of 1.5 (2) and at a Tempo Accelerated by a Factor of 2 (3). 
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In others of our experiments it was found that the rhythm is stable to re- 
peated execution of the task. Six test subjects were trained in a hundred re- 
petitions to execute the same sequence of actions. The vfautomatic" nature of the 
performance was tested by asking the test subject to count the light flashes 
aloud while executing the task. It was found that the rhythmic pattern of a stereo- 
type remains invariable. 

Thus, the specificity of the control program consists in the existence of such 
characteristics' in the learning and performance process as  the association of 
motor acts in groups as  well as in the stability of these characteristics to certain 
perturbing effects . 

The Process Underlying the Uniformity with which a Stereotype 
of Actions is Performed 

In studying the process of performance of a sequence of actions by ahumanbeing 
we directed our attention to the uniformity of the workof the test subjects. Repeating 
the same series of experiments over and over again with an unspecified time schedule, 
man sets his own schedule, so to speak. This is evident from the fact that the total time 
it took to carry out the series of motions became stabilized. In experiments carried 
out by Miss  Savilova, a student, the test subjects repeated alearned sequence of key- 
pressing actions on the experimental panel tens of times. The sequence consisted of 36 
motor acts executed always in the same order. Each pressing act was recorded on a 
multichannel recorder with amoving-picture film. Counts of the time it tookto exe- 
cute the sequence revealed that each test subject repeats it within a certain fixed time 
interval, Thus, test subject K-vaperformed the series of motions in 18.910i+- 
0.130 sec (76 measurements), while test subject T-va executed the same series 
of motions in 26.150 zk 0.310 sec (45 measurements). The mean error in the 
first case was 0.6% of the arithmetic mean, and in the second case 1.2%. Such 
high accuracy in repeating one and the same time interval cannot be accidental. 
At the same time, the work tempo was not prescribedin any'way; the test sub- 
jects freely repeated the series of learned motions from memory at an arbitrary 
tempo. Hence it was postulated that the human nervous system contains a mech- 
anism which controls time intervals. 

- /44 

There can be no doubt'but that the central nervous system of man possesses 
the property of, measuring time intervals. The widely known work of Pavlov% 
school on conditioned reflexes to time clearly illustrates this property 191. In 
recent years, the investigations of M.A. Alekseyev et al. [l] have shown that 
man estimates time intervals with a high degree of accuracy. In all these cases 
we have been speaking about the measurement of time intervals limited by signals 
external to the human being, that is; of imposed rhythms, not of natural ones. 
But whenever man works at a certain tempo fixed by himself andnot limitedby 
external signals, it is necessary to be capable not only of measuring time 
intervals, but also of generating them. It is natural to assume that the nerve 
system has this property also. Rhythmic contractions of the heart, walking, 
running, swimming and many other forms of activity are obviously sequences 
-Nith a specified rhythm or (what is the same) with fixed intervals. The well- 
studied fact of the diurnal rhythm inherent in living organisms is understood by 
many researchers as the generation of internal, so-called circadian rhythms [6]. 
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A model of a mechanism generating time intervals of the length in which we 
are  interested was studied by McGill [29]., The basic mechanism generates 
regular excitations which, however, cannot be observed. Accessible to the 
observer are the responses, each of which arises as the result of successive 
-citation, with a certain random delay, Hence, the observed intervals between 
responses contain a \random component (delay) and a regular component (fixed 

where z 4s the time interval (fixed) between two excitations, S is the delay be- 
tween successive excitations and the instant the response is made (random), r 
is the time interval between the successive response and the next excitation, and 
t is the observed interval between responses. 

interval). Shown in Fig. 5 (from McGill) is a diagram of such a mechanism, - /45 

Et E2 €3 

Figure 5.  (From McGill). 
El$ E2, E3 are regular 

excitations: 
%-is a fixed time interval 
between excitations; S-is 
the random delay between 
excitation and response; 
r-is the interval between 
a response and the next 
excitation; R1, R2 -are re- 
sponses ; t - i s  the observed 
interval between responses. 

McGill shows that the distribution of S is 
not completely random, but that it is limited 
by the presence of a fixed interval Z, and there- 
fore the valuesof Sare distributed not in the 
interval 0 < S SZ 00, but in the interval 0 & S -< z.. 
Hence, the distribution of the observed interval 
t differs from the normal distribution of the 
random function; in simplified form, it can be 
represented as the distribution of the Laplace 
function describing the operation of a periodic 
mechanism under %oiseff conditions created by 
the random delay. 

We believe that McGill's model may be a 
useful working hypothesis in analyzing the time 
it takes to complete a sequence of actions. An 
attempt to apply the model to a series of 
monotonic motor acts (pressing of keys) may 
help to explain the question of what is a unit 
(a fixed time interval z) in a sequence of actions. 

Under our experimental conditions, which 
were described in detail in [13], three levels of 

fixed intervals may exist: A-an interval during which the whole learned series 
of motions is carried out; B-an interval during which a group -of actions less 
than the whole series, but containing more than one action, is performed; and 
C, c-intervals separating one action from the next. Hence, lthe problem of the 
present research reduced to measuring the intervals A, B, C, and c while re- 
peatedly executing the learned sequence of actions (pressing keys on a panel) 
and to analyzing the distribution of these intervals. At the same time we ex- 
pected to obtain one of two possible results: 1) if the given interval proves to be 
unspecified, its distribution may be close to normal; and 2) if the interval is 
fixed, its distribution differs from the normal and, according to McGill's 
model, approaches the distribution of the Laplace function. 

Method __. /46 

The experimental setup consisted of two large panels (25 x 30 cm). The 
test subject's panel contained 8 signal lights arranged in two rows of 4 each, 
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d 8 keys arranged in the same order. The experimeter's panel had 8 buttons 
to control the signal lights and 8 monitor lights for observation of the test subject's 
actions. The test subject was asked to learn and repeat a series of key-pressing 
actions on the panel several times, the series consisting of 36 or 24 successive 
pressing actions to be accomplished in a definite order. The pressing order was 
specified by the experimenter and was set up in such a way that the entire se- 
quence could be divided into blocks of successive actions. In carrying out the 
actions making up a block the hand traverses a path forming, so to speak, a def- 
inite geometrical pattern o r  figure on the panel (e. g., a square, zig-zag, tri- 
angle, etc .) . 

The test subjects were persons of both sexes, in the 18-45 age range, with 

The experimental procedure. As a preliminary, the test subjects were 

high-school or college education, and were volunteers. 

trained to execute a series of key-pressing operations on the panel in a certain 
order. After learning the series, they were instructed to reproduce the learned 
order of actions from memory. In different experimental versions, the test sub- 
jects reproduced a series of pressing actions from 10 to 100 times, The com- 
pletion time was not specified in the majority of the experiments; in one series 
the time of completion of the sequence was prescribed, being controlled by the 
light signals: the experimenter noted the time of completion of the task, estab- 
lished a mean for each test subject, and then informed each test subject that it 
would be necessary to work each time within the same time interval. To do 
this, light signals were introduced, one giving the order to start pressing keys, 
the other (terminal) to coincide with the start of the last operations. The length 
of each specific interval corresponded with the average time it took the re- 
spective test subject to complete the task. 

Recordings of the actions of tine test subjects were made on the tape of a 
multichannel loop oscillograph. The tape speed was 4 mm/sec. The key- 
pressing motion was recorded on the tape in the form of a rectangular pulse, 
The pulse length corresponded to the key-pressing time. The separations be- 
tween intervals corresponded to pauses between two pressing actions (the time 
it  took to move the hand from one key to the next), 

The parameters were measured on the tape by means of a photoamplifier, 
with a measuripg grid, having an accuracy of up to 50 msec. Let the time of 
completion of the entire sequence be denoted byA(Fig. 6). It is the sum of all 
the intervals (21,  Z2,..., In) during which the keys were pressed and of the intervals 
(CI, CZ, ..., c,; CI, CZ, ..., Ck) betweenpressings. The %"intervals separate actions within a 
cluster, the W" intervals separate clusters of actions. The segments 
BI, B2, ..., &+I represent the time expended in executing a block of actions. 

- 

Analysis of the Measurements. Over all the above-listed intervals we cal- 
culated the average values and the rms deviations, estimated the distribution, 
and computed the relative errors (cr/z) and relative errors of the mean (m/M). 
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Figure 6. Schematic Representation of a Record of the Time 
Required to Execute a Sequence of Actions: 

A-Time to Execute the Entire Sequence; B1,B2-Time to Ex- 
ecute a Block of Actions; C1-Pause Between Blocks; i l-z2- 

Length of Key Pressing; .e1, c2-Pause Between Successive 
Pressings (the hard transfer-time)-Pause Within Blocks. 
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Time of Execution of the Entire Sequence of Actions 
(Distribution of the A Interval) 

In analyzing the time required to complete the series of key-pressing oper- 
ation in the given order, we attempted to solve the problem as to whether this 
time is a random variable. To do so, it is necessary first of all to obtain in- 
formation on the accuracy with which man estimatesitthe time to complete a 
problem when the time is specified bythe experimenter., If we have such infor- 

\mation, we can compare the magnitude of the deviation from the prescribed time 
w i p  the magnitude of the deviations from the average values when the time of 
completion is not specified. 

In the series of experiments carried out by student Kopylova, the group of 
test subjects was presented the task of learning a sequence of key-pressing 
actions and of reproducing the sequence from memory. The completion time 
was prescribed by the experimenter as  described above (by means of light signals), 
With such an experimental setup, the time required to execute the entire series 
of motions in McGill's light model can be considered as a certain given interval 
,whose fluctuations arei  a random component (noise) superposed on the regular 
process. The fixed interval T (after McGill) is specified either by the experi- 
menter (in this case its values are  detdrmined by the distance between the start 
and stop signals) or  is set by the test subject (when its values are determined by 
the mean completion time). According to McGill, the random component mea- 
suring the frnoise" relative to the magnitude of the entire cycle is equal to I/hz, 
where b = $/a. Thus, the quantity llhz, may serve as a criterion for the random 
component of a certain time interval. 

The eight test subjects performing the task were measured for deviations 
from the interval as fixed by the experimenter, To do so, the tape of the oscillo- 
graph which recorded the experimenter's signals and the test subject's actions 
measured the length between signals from the experimenter and the distance be- 
tween the work-start signal and the last (24th) key-pressing action. The dif- 
ference between these values was also calculated. No account was taken of the 
sign (I- or  -) of the deviation, Then l/hz was computed for each test subject as 

/48 - 

38 



well as  the mean l/?k for the entire group of test subjects (a total of 168 measure- 
ments). In this case the mean I/hz was 0.041, which represents the deviations 
from the fixed interval, if the interval is taken as being the one fixed by the ex- 
perimenter. It is possible to estimate deviations from a fixed value under the 
assumption that the interval is set by the test subject himself, In this case the 
quantity z will be the mean value of the interval, while l/Az will be a measure of 
the random component relative to the mean value. Calculations made in this 
way showed that I/Az of the individual test subjects has the same values (some- 
times a little lower) as for the interval specified by the experimenter. 

B-va. . . . . . 
G-va.. . . . . 
S-va. . . . . . 

Given in Table 3 are data for three test subjects. From the data i t  is 
evident that the values of z as  measured by the experimenter's signals and by 
the test subject himself may coincide (test subject G-va), and then the values of 
l/Az also coincide, but when they do not coincide, the i/AT are  lower for the 
interval measured by the test subject himself than for that prescribed by the 
experimenter, 

25 16.750 0.043 17,050 0.035 
25 17.900 0.014 17,900 0.014 
23 19.735 0.037 17,650 0.035 

In another series of experiments carried out by student Savilova, the test 
subjects repeatedly reproduced a learned sequence of 36 key-pressing operations; 
the time of completion was not prescribed. It was found that in such cases the 
test subjects themselves limit the time of completion, that is, they set the in- 
terval z. 

Given in Table 4 are data obtained from three test subjects. From the 
table i t  is evident that the values of l lhz do not exceed those obtained when the 
time was fixed. Hence i t  follows that when a human repeatedly reproduces a 
series of motions, -he not only estimates the time of completion with high 
accuracy, but also marks off this time by a certain, only slightly fluctuating 
interval. 

But these data still do not furnish an answer to the following question: is the 
time of completion of the entire series of motions a single fixed (prescribed) in- 
terval or  is the uniformity of the time of completion of a series of motions 
governed by the presence of rhythmic processes of higher frequency? Isn't this 
interval the sum of smaller intervals which are also fixed, since we are  dealing 
with discrete motor acts which are  similar to each other? This question can be 
answered by analyzing the distribution of the values of the interval being 
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I-va. . . . . .  30 
B-va. . . . 22 
K-va. . . . . .  40 

considered. Such an analysis of the data we obtained in the different experimental 
series showed that the distribution of these values does not correspond to the dis- 
tribution which is representative of McGill's model, which is characterized by 
the presence of a sharp peak and by a steeper curve. In our case we observed 
either a sloping asymmetrical distribution, truncated on the left, (Fig. 7), or a 
distribution close to the normal, but truncated on both sides. It is possible that 
such a pattern is due to sampling which is insufficient for an estimation of the 
distribution (remember that the maximum number of repetitions of the series of 
motions did not exceed 100). Later on we intend to repeat these measurements 
with more statistics. However, the data we obtained are sufficient to deter- 
mine that the given interval (the time of completion of the entire series of 
actions) does not correspond to the sharp-peaked distribution typical of McGill's 
model, and therefore cannot be evaluated as a unit interval fixed by a single 
pulse (or bounded by two control pulses). 
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35t n 
Time of Execution of a Block of Actions 

(Distribution of the Interval B) 
30 

8 25 sequences of simple monotonic motions organized 
2 20 in such a way that it was possible to combine 
+I several motions into a single complex. In the 
0 15 preceding work we examined these complexes 

g to 
and arrived at the conclusion that they represent 
a lumping process, and the segment of the se- 
quence containing such a block can be considered 5 

as  a new complex action consisting of key-pressing 
and key-to-key hand-transfer operations, 

It was assumed that at the higher level of pro- 
gramming the order of the actions, a block of 
actions is specified as a whole, and is only then 

The tasks our test subjects performed were 
ro 

0 5 10 /5 20 25sec 

Figure 7. Distribution of 
the A Interval. 

turned into a sequence of commands for execution of the individual actions 
making up the block, In connection with this hypothesis i t  was only natural to 
believe that the block of actions is time-ordered. And since the entire sequence 
consists of blocks and intermediate pauses, and the pauses are not fixed, i t  
follows that the time segments during which these blocks are executed should 
be uniform and should fluctuate only slightly as  compared with the pauses sepa- 
rating the blocks. These arguments were first  drawn upon to analyze the con- 
struction of final control programs as applied to the speech function I W .  
40 



The time organization of the blocks was analyzed on the basis of data obtained 
fromexperiments with 9 test subjects. The test subjects learned, and repeated 
ten times from memory, a sequence of 36 motions made up of 9 
actions each. The time of completion was not prescribed. Sinc 
sisted of an identical number of actions, it was possible to compare data on the 
time in which the various blocks were completed. It was found that the time of 
completion of a block of actions by each test subject fluctuates insignificantly 
within one run of the series of motions as  well as  from run to run. It was 
found also that this time is similar for the different test subjects. On the whole, 
the group of test subjects was subdivided into two subgroups. The members of 
the first subgroup completed the block of actions in 4,400 f 31 msec (frslowtf), 
while those of the second subgroup did i t  in 3,030 f 34 msec' ("fastff), The 
value of l / h  (0.106 for the first and 0.170 for the second) indicate that the ran- 
dom component plays some small role in forming these intervals. Histograms 
of the distribution of these intervals are given in Fig. 8. From the figure it is 
evident that the lengths of the intervals are different for each block, while each 
subgroup executes a section of the sequence within a slightly fluctuating time 
interval. However, an estimate of the distribution of the values we obtained did 
not reveal that it was similar to the distribution of McGill's interval, and there- 
fore we have no reason to evaluate the time expanded in completing a block of 
actions as  the interval limited by two control pulses. On the other hand, our 
data have shown that this time interval is less random than the interval sepa- 
rating blocks of actions, which confirms the above-mentioned hypothesis on such 
a structure for the process of ordering actions when the instructions are to 
execute the entire block of actions. From this hypothesis it follows that the 
time of execution of a block of actions should fluctuate,less than the pause be- 
tween blocks. Figure 9 shows these relationships. 
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Figure 8. Distribution of the B Interval 
in the "Fastrf (1) and rrSlowff (2) Groups 

of Test Subjects. 

Given in the figure are the values of the 
random component (Uhz) ,  characterizing the 

L5 
84 

82 
81 

a3 

2 3 4 5 6  Consecutive numljei% of 
the blocks and pauses 

Figure 9. Fluctuations 
of the Time of Completion 
of Blocks of Actions (1) 
in Intergroup Pauses (2) 
of the ffSlowff Test Sub- 

jects. 

time of execution of individual blocks o f a  sequence, and the length of the pauses 
separating these blocks. From the figure it is evident that the magnitude of the 
.I/kt of the pauses is greater by a factor of 3 to 4 than that of the f/Az of the time 
for completion of individual blocks of the sequence. Consequently, the intervals 
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separating blocks fluctuate strongly. But if each of the separating pauses have 
a greater random component, and there are 8 such pauses in the entire sequence, 

.the overall error should increase, and the fluctuations of the total time of com- 
pletion should reflect the sum of the fluctuations of the inter-block pauses, even 
if fluctuations in completing blocks are neglected, However, as  mentioned above, 
the total time of completion of a sequence is uniform. This may mean that the 
inter-block pauses are  not completely random intervals, but are related in in- 
verse correlation, when strongly reduced pauses after individual blocks are com- 
pensated by reduced pauses after other blocks of the sequence. In order to track 
down this phenomenon, we intercompared the values of the individual pauses be- 
tween blocks with their total value in the entire sequence. These data are presented 
in Table 5. 
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TABLE 5. Fluctuations of Intervals and Their Sum 
in the Group of Wlowfl Test Subjects 

Intervals between blocks 

Arithmetic mean 
(M), msec . . . . . 836 1253 992 824 724 851 730 6320 

-,'msec . . . . . , 400 636 885 237 229 251 223 1690 1 
1 
1 - . . . . . . . . . 0.48 0.51 0.894 0.288 0.315 0.295 0.305 0.27 

?us 
m, msec . . . . . . 67 106 147 39 38 48 42 280 

From these data it is evident that the mean lengths of the pauses between 
blocks differ from each other and are  considerably scattered. But the fluctuation 
of their sum is somewhat less than might be expected. The magnitude of I/h, 
which characterizes the sum of the inter-block intervals, is less than the 1b.r 
of any of these intervals, and the magnitude of llh' of the entire sum is less than 
the sum of l / h  for individual intervals, which could not be true if the random 
intervals were added together. Thus, there is reason to believe that the inter- 
block pause, just as the block of actions, is time organized. Before making a 
decision as to the structure of this organization, let us consider what char- 
acterizes the time of completion of a single action in the sequence. 

Time of Completion of a Single Action and the Distribution 
of the Intervals "C, "c" 

The time of a single action was measured for various versions of the experi- 
ment with the time of completion of the sequence specified and unspecified. 

A single action in our experiments can be considered either as  the motions 
of key-pressing or  of transfer of the hand to the next key, separately, or the 
pressing and transfer acts can be considered jointly as a single action, that is, 
the complete cycle of motions necessary to carry out one action in executing 
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consecutive key-pressing operations in a definite order. In order to decide which 
of the time intervals in this case can be considered as specified, the measurement 
results were analyzed both separately with respect to the pressing time and hand- 
transfer time, and jointly as the pressing time plus the transfer time. The hand- 
transfer time, i. e. , the pause between two pressing operations, is considered here 
as applying only to the execution of actions within blocks. The pauses between two 
pressing operations referring to different blocks (inter-block pauses) were not 
included in these measurements and are  considered separately. 

The results we obtained canbe reduced to the following principles: 1) the time 
interval which represents the sum of the pressing and hand-transfer time exhibits 
less fluctuation than the time segments of which the interval is composed; 2) the 
distribution of each of the intervals we considered differs from the normal and 
approaches the distribution of the Laplace function; 3) the magnitude of the ran- 
dom component for each of these intervals does not depend on whether the time of 
completion of the entire series of motions was prescribed by the experimenter, 
These principles were illustrated in Figs. 10, A, B, C . 

Presented in Fig. 10,A, are the distribution curves for deviations from the 
arithmetic mean for pressing-time intervals, hand-transfer time intervals, and 
for total time of the motion (the pressing -t transfer times). The curve was con- 
structed from data of a group of test subjects who completed a sequence of 24 
key-pressing operations on the panel under specified time conditions (980 cases). 
From the figure i t  can be seen that the minimum values of the deviations (that is, 
of the random component) are found in the summed interval, fromwhich i t  follows 
that it is precisely this interval which is the most time-organized. 

Shown in Fig. 10, B, is a histogram of the distribution of this summed in- 
terval, approximated to the normal distribution. From the figure i t  is evident 
that the experimental values of the parameters reveal deviations from the theoret- 
ical values. For the normal distribution under the given values of the mean and 
of u we should expect a shallower peak and higher "shoulders" than exhibited by 
the experimental data. On the basis of analogous proofs McGill reaches the con- 
clusion that a regular rhythmic process takes place, and in conformity with his 
arguments it can be assumed that in our experiments as well the indicated 
interval is a reflection of a prescribed fixed interval t, bounded by two control 
pulses. 

- /5Fi 

Shown in Fig. lO,C, is a histogram of the distribution of intervals separating 
individual motions (the C interval), on the basis of experiments with an unspeci- 
fied time of completion of the series of motions (4 test subjects, 630 cases). The 
dashes show the theoretical values, computed under the assumption that the distri- 
bution was normal. The differences between the computed and experimental values 
are the same as in Fig. 10, B. 

Thus, it can be assumed that the execution of a series of learned actions by 
a human being is tied in with the presence of an internal rhythmic process which 
prescribes a uniform work rhythm. In our case the unit of this rhythm (a period) 
is the time expended in pressing a key plus the time expended in transferring the 
hand. 
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Figure 10. A-Curves of the Distribution of Deviations From 

1-Pressing .t Hand-Transfer Times; 2-Hand-Transfer 
Time; 3-Pressing Time. B-Distribution of the Time In- 
terval of One Motion (pressing 3- hand transfer) and Approxi- 
mation to the Normal Distribution (dashes), C-Distri- 
bution of the %fl Interval and its Approximation to the Nor- 
mal Distribution (dashes). D-Distribution of the W!" In- 
terval for the Group of llFast'r and Test Subjects. 
The Notation is the Same as  in Fig. 8. The Arrows In- 

the Value of the Arithmetic Mean for the Intervals. 

dicate the Mean Values of the llcrr Interval, 

Now let us return to the problem of the structure of time organization of the 155 
inter-block pauses (the C interval). 
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Given in Fig. 10,D, are histograms of the distribution of the intervals 
separating blocks of actions for test subjects with different times of completion 
of the sequence (lffastlf and ffslowlv). The number of cases was 440. The arrows 
indicate the mean values of the intervals characterizing the hand-transfer time 
in executing the actions within a block (the c interval) for each subgroup of test 
subjects. The figure shows that the peak of the distribution of the C interval 
coincides with the mean value of the c interval, but the slopes on the right are 
characteristic of the distribution of inter-block pauses. 

In his model McGill considers such a case of functioning of a hypothetical 
rhythmic mechanism, when the frequency of the control pulses of the rhythm 
generator is greater than the response frequency. In this case some periods 
will be "empty, l 1  not accompanied by responses, The distribution of the 
intervals between responses for these cases will have a peak in the area of 
,t, according to McGill, but should be truncated on the right, while the mean 
length of the interval will exceed 2. 

We believe that the distribution of the C interval is precisely such a case. 

Based on the idea that the structure of control of a sequence of actions is 
hierarchical, i t  can be imagined that the issuance of instructions to execute a 
block of actions, which possibly takes place during the inter-block pauses, 
is somehow tied in with the operation of a higher level of the hierarchy than the 
issuance of commands to carry out actions within a block. It can be assumed 
that the operation of a higher hierarchical level is connected with the execution 
of a large number of operations and requires more time, This circumstance 
leads to the premise that cases may arise whenthe nextcycle of the rhythmic 
generator runs ("idle, l1  because the processes that ensure the realization of the 
response had not yet been completed at the instant the pulse was transmitted. 
In this case the next action is completed not within an interval close to z, but 
within an interval close to 22, 32, ... etc, 
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It should be noted that the rrtailrr of the distribution of the inter-block intervals 
has a rise approximately in the zone where the c interval is doubled (Fig. 10,D), 
which favors this assumption. 

In previous communications, based on average values and on the assumption 
of a normal distribution, we presented data showing that the inter-block interval 
was greater than the other intervals separating individual actions. The analysis 
made in the present paper has shown that the mean values may not correctly re- 
flect the differences between the inter- and intra-block pauses, since there is no 
normal distribution here. In conformity with McGill's model it is more correct 
to assume that in going from one sub-block (block) to the next a "skiptr sometimes 
occurs in the operation of the rhythm generator, and because of this flskipcl the 
histogram of the distribution of inter-block intervals reveals that the distribution 
slopes on the right, while the average value of the C interval proves to be higher I than the value of the c interval. For this same reason, apparently, the quantity 

I ~ / I , T  also proves to be high. 
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Conclusion 

Returning to the problems posed at the beginning of the article on the pro- 
cesses which ensure the efficiency of human motor skills, we can now attempt 
to formulate a few answers. 

Apparently, fast and accurate execution of a learned sequence of motor acts 
is based on the organization of the response activity, which is specific for a 
given sequence (a given motor task). This organization is connected with the 
formation, during the learning process, of a final control program whose ele- 
ments are  blocks o r  clusters of individual motor acts, interlinked. The indi- 
vidual motor acts are combined into linked blocks under certain conditions which 
create the prerequisites for detecting or  formulating the structure describing 
the block of actions as a whole, We partially described these conditions at  an 
earlier date 1131. 
which are  consecutively arranged in the stereotype must be contiwously located 
in space; 2) one and the same direction of hand displacement must be maintained 
in executing several motor acts; 3) i t  must be possible to describe a certain 
simple figure (a pattern, design, or  symbol) by motion of the hand while execut- 
ing several motor acts. 

Among them are  the following: 1) the objects for motor acts 
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Obviously, the list of conditions we have presented is far from complete; 
further search and the establishment of new conditions uniting the individual 
actions into blocks are  necessary. On the basis of what is already known, 
however, it can be assumed that the clustering process is a necessary partici- 
pant in carrying out a learned sequence of actions. 

It is possible that precisely this process is responsible for the high accuracy 
and speed of execution of a sequence of actions by a trained person, if it is 
assumed that the consecutive block of actions is completed not on the basis of 
successive instructions for each action, but of a general instruction to execute 
the entire group of responses. 

Data on numerous transpositions of blocks of actions during the learning 
process induce us to believe that the nature of the links within blocks differs 
from that between blocks. The responses within blocks prove to be more closely 
knit. The time characteristics of stereotypes reveal the essential differences 
between processes which link motor acts within blocks and those which link 
blocks of acts to each other. The length of the pauses between individual actions 
within blocks is considerably smaller than the length of the pauses separating 
blocks and is characterized by fewer fluctuations. Special computations have 
shown that this difference cannot be explained by the distance the hand must 
travel in going from one key-pressing operation to the next. 

One of the possible explanations for the difference rn time of pause between 
consecutive actions when these actions make up a block or  belong to different 
blocks is the recognition that there are  two processes underlying the combination 
of actions. One ,governs thelinks between actions within a block and the other is 
associated with connections between the individual blocks of actions making up 
the stereotype. Further investigations will show\what these processes a re  and 
how they differ from each other. 
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Apparently, the blocks of actions we studied can be associated with the 
presence of partial rules making up the final control program. It is not out of 
place to mention that there are apparently rules not only for blocking, but also 
for selection of actions. Analysis of some experiments we made in our labora- 
tory may serve as an illustration of the possibility of such rules {14]. 

A large group of test subjects (35 people) developed stereotypes of motor 
acts consisting of successive key-pressing operations on apanel. The test sub- 
jects were supposed to establish the order of actions by themselves, since the 
learning method consisted in a search and guess of each action, the test person 
being obliged to select one of eight possible keys. In so doing the test subject 
was permitted to search until he found the necessary response, and the correctness 
af the response was confirmed by the experimenter. An analysis was made of 
the errors committed by the test subjects during the learning process so as to 
determine the nature of his knowledge of the problem and of the order of priority 
of acquiring individual' concrete items of knowledge. Let us consider two types of 
knowledge with respect to the described task. 

/58 

The first type involves knowledge of concrete responses, i. e., their order 
in the stereotype. The external expression of this knowledge is a correct re- 
sponse (it is not preceded by a search). The second type involves knowledge 
with respect to certain abstract properties of the task. For example, in our 
problems there were no cases in which one and the same actions were repeated 
in succession (pressing one and the same key). The acquistion of such knowledge 
by the test subjects is expressed externally not only by the realization of the 
correct responses, but also by the nature of the errors, The errors will not 
contain a repetition in succession of one and the same key-pressing operation. 
In this connection we studied the nature of the errors made by the test subjects 
after a single familiarization (by searching and guessing) with a given stereotype. 

It is natural to expect that people will commit many errors in doing such a 
problem, Of the 2,352 responses examined, 1,647 were erroneous. We were 
interested in how many errors are made in repeating the same action. If the 
test subjects do not know the overall characteristics of the problem, i t  is only 
natural to expect that when they decide which actions to take, they will not give 
preference to any one of the eight possible choices, and the number of errors 
connected with repetition of any action will be 1/8 of all the errors, or  the ex- 
pected numbecs of errors from a total of 1,647 will be 206, Analysis of our experi- 
mental data showed that the second completion of the stereotype resulted in 
errors stemming from repetition in 28 cases, i. e., 1/59 of the total number of 
errors. This means that the test subjects set up o r  know a rule which limits the 
repetition of individual response? and divide the set of possible responses into 
repeating and alternating ones. . 

Thus, the formation of a final control program is based on a process con- 
nected with an evaluation of the sequence of actions to beicompleted, with the 
division of the entire set of responses into several subsets, and with the joining 
of individual responses into blocks having a certain structure by which they can 
be described as a whole. 

The next question which must be examined is the rhythmic and uniform LI /59 
manner in which a sequence of actions is executed. 
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The experiments and calculations we made showed that training of a human 
being to complete a series of simple homogeneous motions is tied in with rhythmic 
organization of the execution process. It was found that whether the time of 
completion of the series of actions was limited from the outsider o r  whether this 
time was unlimited; the total time of completion was reduced to a certain slightly 
fluctuating interval. It was found also that the total time of completion is uniform 
because the, execution of individual parts (blocks) of the sequence of actions was 
uniform, while the latter is true because the execution of each individual action is 
uniform. Calculations of the distribution of the various intervals making up the 
time of completion of a sequence have demonstrated that the most regular interval, 
and the one closest to McGill's model, is the cycle of one motion (the key-pressing 
i- hand transfer times). The absence of any appreciable difference in the data of 
the various series of experiments, with the time sometimes being prescribed 
externally, and sometimes not being prescribed at all, induces us to accept the 
notioo that the rhythms we found are  endogenous, 

In connection,with our data we must discuss several questions. In our pre- 
vious communications we developed the idea that control of the order of the actions 
is hierarchical. We expressed the opinion that in executing a learned series of 
key-pressing actions, there are at  least two higher levels of programming the 
order of the actions; in the upper level instructions a re  issued to perform a 
block of actions, followed by a stage in which the block *revolvesff and the general 
instruction is converted into a series of commands to execute individual actions. 
It is natural to assume that the rhythmic mechanism, whose existence was dis- 
cussed in the present article, functions at  a level which cannot be located higher 
than the "evolutiont' level. 

One more question must be considered - why is rhythmic organization of 
a series of actions expedient? Here we can put forth the following two speculative 
arguments: 1) the rhythms of motor activity we detected are  governed by the 
"internal clocksf f 'of man; 2) rhythmic organization of motion relieves the exe- 
cution of individual natural motions of the sense of time indefiniteness, thus re- 
ducing the load on the mechanisms which evaluate information with respect to its 
own actions. 

No data are available to us on the point where the mechanism which generates 
motor-activity rhythms is located, although it  is natural to assume that i t  is 
found in the central nervous system. The problem of the search for such a 
mechanism is apparently one of the next problems of the physiology of the higher 
nervous activity . 
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ON CERTAIN FEATURES OF PROGRAMMING A 
SEQUENCE OF HUMAN ACTIONS 

N. A. Rokotova and I. M. Gorbunova 

Among the problems to be solved by a pilot-astronaut an board a spacecraft 
will certainly be those in which individual actions are executed in a definite, 
rigidly fixed order. The completion of such tasks can be represented by the 
scheme of an ordered sequence of descrete motor acts. This type of schematic 
representation makes i t  possible to investigate certain essential characteristics 
of the execution process, such as the order of the actions and the distribution of 
the individual time intervals. The obtaining of information on these characteristics 
may serve as  one of the experimental principles for constructing block diagrams 
of control of series of motor acts in man, and also to work up tests permitting 
evaluation of certain aspects of the functioning of a human operator. 

In recent years many authors have expressed the idea that human behavior 
should be considered from the viewpoint of programs which are synthesized in 
the central nervous s stem, specifying the actions which are  necessary to solve 
this o r  that problem if1 -43. 

If we accept this viewpoint of program control of an ordered sequence of motor acts, 
we are  faced with the problem of the features such a program should possess for a given 
concrete problem to be solved with certainty with this program. 

In the preceding investigation one of us [a demonstrated that in the process 
of formation of a sequence of actions by man, an inportant role is played by a 
mechanism which combines individual actions into blocks, consistent with the 
structure of the problem to be solved. This permitted us to postulate that pro- 
gramming a series of actions is tied in with synthesis in the human central 
nervous system of rules indicating the method by which the individual acts making 
up the sequence are chosen (8. In other words, we assume that the control pro- 
gram for a sequence of actions should contain the sum of information on the prob- 

choose the necessary actions from the available set, One such essential feature 
is the selection, from the sequence, of individual parts (blocks), consisting of 
several actions, which are linked by a common property. Thus, in the studies 
we made of sequences of various key-pressing actions on a panel, a description 
was given of a combination of four consecutive actions which, when executed by 
a human being, tfdescribedtf the inverted letter IfNff by moving the hand from key 
to key, or of three actions on contiguous keys, where the hand is moved in one 
direction, etc. It was found that the majority of people use these features of the 
problem. 

lem that reflects the essential features of the problem, making it possible to - /62 

In the present study we posed the problem of determining to what extent the 
size of the blocks is a factor governing the structure of a sequence of actions. 
For this purpose we developed an experimental schedule in which we studied 
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two ordered sequences of actions which were similar insofar as the set of con- 
stituent motor acts and number of elements (length of the sequence) are con- 
cerned, but which contained blocks differing in size. By comparing the speed of 
execution, the error  distribution, and the temporal lfpattern" of completion of 
the two sequences by the group of test subjects, we attempted to find out to what 
extent the feature of the problem being studied is specific and invariant. 

METHOD 

The experimental arrangement consisted of two relatively small (25 x 30 cm) 
panels. Arranged on the test subject's panel were 8 signal lights in two rows 
of four each and 8 keys arranged in the same order. The experimenter's panel 
contained 8 keys to control the signal lights and 8 monitor lights to observe the 
actions of the test subject. 

The test subjects were persons of both sexes, 18-35 years old, with high 
school and college education. Two groups of test subjects participated in the 
experiments, The first group was made up of test persons who were performing 
this type of task for the first time (12 people). The entire group was taught to 
perform both tasks until they could be repeated without error. The group was 
divided into two subgroups of six men each; the order of presentation of the tasks 
was different in each subgroup. The second group of test subjects (10 people) 
participated in experiments in which the time of completion of a sequence of 
actions was measured. This series of experiments was carried out 8 months 
after the first, and some of the test subjects (7 people) were from the members 
of the first group. A comparison of the speed of learning problems 1 and 2 
was made on the basis of data from the two groups (22 people, 1st and 2nd groups). 

The instructions were issued to the test subjects before the beginning of the 
experiment. These instructions stated that each signal lamp corresponded 

actions, which would be shown by the experimenter by means of the signal lights. 
uniquely to each key on the panel and requested repetition of the order of the - /63 

The test subject, who was located in an isolated room, was demonstrated the 
prescribed order by successive flashing of the respective signal lights on the 
panel. After each demonstration of the entire series, the test subject repeated 
what he remembered of the indicated order by pressing the appropriate keys on 
the panel. This procedure was repeated until the entire sequence was repeated 
by the test subject completely and error-free. The entire learning process was 
accomplished during one experiment Each test subject was presented in turn 
(with a break ofnotless than three days) with the two tasks of learning a sequence 
of actions, 

Each problem consisted of a specific series of 36 sequential key-pressing 
operations on the 8 keys of the panel. If the keys on the panel are  numbered 
1,2,3,4, the problems can be written as: 
5,63798 

P r o b l e m N o . 1 - 2 3 7 6 8 4 7 3 6 5  1 2 8 3 7 2 4 8 ~ 3 3 C 1 2 3 2 ' 7 4 1 6 3 8 6 3 7 6 .  
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Problem No. 2 - 7 2 6 7 3 4 1 2 5 2 3 ' 7 8 3 7  1 6  2 7 8 4 2 I 5  3 2 1 7 4 8  6 7 8 2 3 6. 

After pressing the first key in the sequence, the test subject was to move his 
hand and press thenext key in order, then move his hand to the third key, etc. 
If the entire prescribed course is divided into blocks of successive actions, the 
problems will look as shown in Fig. 1. From the figure it is evident that the 
order of the actions in the problems was organized in a specific manner. In 
Problem No. 1 the order was organized in such a way that the entire sequence 
can be divided into 9 blocks of four actions. The characteristic of each block 
is that in executing the constituent actions the hand completes a course which, so 
to speak, depicts a definite geometric figure or pattern (square, zig-zag, 
triangle, etc.) Problem No. 2 was set up so that it was possible to break it 
up into 12 sections of 3 actions each. 

Thus, the structure of our problems was characterized by the following 
features : 

1) consecutive actions in each problem could be combined into blocks of 
4 or  3 actions; 

2) the blocks were organized according to the principle of spatial proximity 
of the consecutive actions or of the formation of figures; 

3) all the blocks in one problem were different inconfiguration, but identical 
in size. 

The essential feature distinguishing one problem from the other was the 
size of the blocks. On this basis, in what follows we will call Problem No. 1 
fffour-componentff and Problem 2 "three-component. 

All the responses of the test subjects, both correct and incorrect, were re- 
corded during the experiments (in report form). In addition, in the experiments 
with ten test subjects we recorded the entire experiment on the tape of a loop 
oscillograph. Recorded were the length of the responses (duration of the key- 
pressing action) and the pauses between responses (the time required to move the 
hand to the next key) in executing the sequence of actions by the test subjects. 
The record was made at a tape speedof 4 mm/sec, which permitted measuring 
the time segments with an accuracy of up to 50 msec when examining the tapes 
on the photoamplifier. 

- /64 

RESULTS 

Learning and Error Distribution 

All repetitions of each sequence by the twelve test subjects were examined 
with due regard to the number of motions (key-pressing actions) in each run over 
the entire learning period. The result of this examination is given in Fig. 2, 
which shows the distribution of the number of motor acts during the learning 
process. From the figure it is evident that in the majority of cases the test sub- 
jects repeat parts of the sequence in segments, where the number of actions is 

/65 
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A 1st block 2 dblock ~ 1 ~ 1 ~  

F 9  ~~~~~~k~~~ 

0 0 0  0 0  o % e 9  

Figure 1. Schematic Illustration of a 
Possible Division of Problem No. 1(A) and 
No. 2(B) into Blocks (groups) of Actions. 
The Solid Arrows Indicate the Order of the 
Actions Within a Block; the Broken Arrows 
Indicate the Order of Actions when Pass- 
ing from the Preceding to the Next Group 

of Actions. 

equal to the length of the blocks 
making up the problem. For 
the fourycsmponent sequence, 
this was observed in 81% of all 
cases, and in 75% for the three- 
component sequence. These data 
allow us to assume that one of the 
features of the program of an 
ordered sequence of actions is 
sequential clustering into seg- 
ments of different length for dif- 
ferent problems. 

Furthermore, we investi- 
gated the errors made by the test 
subjects at the start of training. 
As is evident from Table 1, the 
number of errors in the first 
five trials in considerably greater 
than the number of correct re- 
sponses. However, the majority 
of errors in learning the first as 
well as the second problem (in 
evaluating them in connection with 
the structure of the problems) 
are  not random in nature. As a 
rule, responses are combined 
into blocks which correspond to 
the blocks of the given sequence. 
In doing so, however, we observed 
that either the order of actions 
within a block was distorted, or 
blocks were misplaced in the se- 

quence, o r  both occurred simultaneously. 

Free operation with blocks of actions is clearly evident in analyzing the order 
of appearance of sequences of correct responses during training. These data are 
given in Table 2. A l l  possible cases of theorder of priority ialearning blocks 
of actions are  divided into 3 categories: 

1) learning of blocks in a sequence consistent with their position in the 
given series (the first block is learned first, then the second, the third, etc. ); 

2) inverted order of the learned blocks (the seventh, eighth blocks appear 
before the second, third, etc.); 

3) other cases of transposition of the order of learning (the third block is - /68 
learned before the decond, the eighth before the sixth, etc .) . 

The table shows that the learning of blocks in an order consistent with their 
location in the sequence is observed in 33% of all cases with the four-components 

54 



m 
m 
a) 

B 
cd 
0 
ccr 
0 
k 
(u 
P 
E, s 

Number of elements 

Figure 2. Distribution of the Number of Repro- 
duced Elements in Each Run Over the Entire Learn- 
ing Period of 12 Test Subjects in Problem No. 1(A) 

and No. 2(B). 

TABLE 1. Distribution of Correct and Incorrect Responses in - /6$ 
the First Five Sequences Reproduced 

Reponses 
Erroneous 

144 200 189 90 
150 
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Number of the 
problem 

1 
2 

problem and in 20% of the cases with the three-component one. Thelarge number 
of transpositions of the order of learning entire blocks indicates that a block of 
responses is linked by some new unit with which the learning process is involved. 

?Distribution of the order of learning priority (in %) 
1st 2nd 3rd Total number 

category category category of cases 

117(100%) 33 26 41 
168(100%) 20 37 43 

; 

Given in Fig. 3 is an example of how one of the test subjects worked through_ 
a four-component sequence. The figure reveals that the order of sequence of the' 
actions is distorted inanumber of the blocks, in some cases the order of the 
correctly reproduced block is broken, some blocks are repeated, the order of 
priority of learning clusters does not correspond to their position in the stereotype. 

On the basis of these data it can be concluded that the basic unit in learning 
an ordered sequence of actions is a block of actions united by a certain feature. 
In'order to have some justification for assuming that such a block is an element 
in a control program, it is necessary to have proof as  to the execution of the 
problem after it has been learned. 

Time Distribution in Executing a Sequence of Actions 

After the 10-man group of test subjects had learned the sequences, ten error- 
free reproductions from each person were recorded on the tape of the loop oscillo- 
graph, 'it was assumed that if a block of actions is a unit which organizes the 
rhythmic pattern of the entire sequence, differences between sequences, of dif- 
ferent blocks lengths should show up in the differing time patternb of the se- 
quences. 

To test this hypothesis, we measured the time intervals required to complete 
a single act, as considered within the framework of its position in the block and 
in the overall series. First, we computed the total time expended in each execu- 
tion of the sequence of actions. For further analysis we chose 84 cases of com- 
pletion of Problem No. 1 (9 test subjects) and 57 cases of completion of Problem No. 
(6 test subjects). The selection principle was governed by the uniformity 
of the work of the test subjects; excluded were experiments in which the time 
difference between separate executions of the task (by the given test subject) 
exceeded 10 sec. We counted 588 blocks from the four-component sequence and 
570 from the three-component one. The time pattern of each block was described 
by the following measurements: 

2 

For the four-component sequence (Problem No. 1) : 
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1) the duration of the 1st motion in the block (the key-pressing time); 2) the 
duration of the pause between the 1st and 2nd motions; 3) the duration of the 2nd 
motion; 4) the pause between the 2nd and 3rd motions; 5 )  the duration of the 3rd 
motion; 6) the pause between the 3rd and 4th motions; 7) the duration of the 4th 
motion; 8) the pause between the 4th motionof the given block and the 1st motion 
of the next block (the inter-block pause). 

- /69 

The distribution of time intervals within the blocks of the three-component 
sequence was described in the same manner. In our computation the parameters 
measured for the various blocks of one problem were averaged and plotted in the 
form of a distribution within one "average" block. Then we calculated the mean 
deviations (r), the root mean square deviations (a), and the errors of the mean (S) 
for each interval. The averaged data are given in Table 3. 

Param- 
eters 

.A ?$ Problem 1 Problem 2 
,.2 c Successive positions s, pSositions 
mol $2 '-1 i 1 2  a0 ~ ~ ~ ~ ~ ~ ~ ~ ~ k 3  /,4 

Remark: The semi-boldface numbers denote the values of the 
intervals for which a comparison was made between the signi- 
ficance of the differences. The corresponding values of the 
difference are entered in the "difference" column. In all 
cases the magnitude of the differences is considerable P-< 0.01). 

G 460 440 490 450 30 
Of the 6 194 145 218 146 
motions 8 6 g (3 
(msec) 
Pauses 

motions 
(msec) 

260 

A s  is evident from the table, the time pattern of the blocks of each problem 
has its own characteristic features. In the four-component blocks of Problem No. 1, 
the pause that corresponds to the position between blocks is considerably 
longer than the other pauses that separate individual motions within blocks. The 
same relations between intrsl- and interlblock pauses are observed in the blocks 
of Problem No. 2; here the pause separating %he three-component blocks of the 
problem.proves to be longer. 

Also deserving of attention is the considerable increase in the standard rms 
deviations (a) of the inter-block pauses as  compared with the intra-block pauses. 
Given in Table 4 are the frequency characteristics of the distribution for the 
values of the inter- and intra-block pauses in \Problem No. 1. 

- /70 

450 410 480 
167 143 238 

7 6 10 

650 610 880 230 
476 238 668 
20 10 28 
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Length of the 
Pauses (msec) 

300-450 
500-650 
700-850 
900-iO50 

1100 plus 

Relative frequency of occurrence (%) 

intra-block inter-block 

15 
68 
14 
1 
2 

5- 
51 
21 
6 

17 

This characteristic of the distribution of the values of the intervals we 
examined demonstrates that the peak of the distribution for the intra-block as 
well as inter-block pauses is found in a single region; the mean value of the 
inter-block pause increases’because of the large scatter in the values of the inter- 
block pauses and because of the considerable number of cases in which the magnitude 
of these pauses is approximately double the mean value of the intra-block pauses 
(at a mean value of 590 msec for the intra-block pause, the number of cases in which 
the inter-block pause exceeds 1100 msec is 17%). 

From Table 3 it is also evident that the time pattern of the problems differs also in 
the duration of the individual motions as afunction of their location within the block. Thus, 
in Problem No. 1 the third motion is certainly longer than all the other motions. 

Thus, the time characteristics of execution of a sequence of actions seem to 
favor the argument that the basic unit of a control program is a block of actions 
whose size is’ governed by the presence of a common feature that permits 
description of the block as  a whole, 

Comparative Learning Speeds 

is linearly related to the number of learned elements [7]. A similar relation was 
found by Bogina [6]for the case of learning a sequence of actions. 

According to the literature data, the learning speed for a sequence of symbols 

On the basis of these data we postulated that if a block of actions, and not a - /71 
single motor act, is an element of the program, then the four-component se- 
quence containing 9 blocks should be learned faster than the three-component 
sequence consisting -of 12 blocks. 

Given in Fig. 5 are the total data on the speed of learning of a sequence of 
actions. As the learning-speed criterion we took the number of demonstrations 
and repetitions of the sequence until the first error-free completion. 

The table shows that Problem No. 1, which consists of 9 blocks of 4 actions 
each, is learned faster than Problem No, 2, which consists of 12  blocks (of 3 
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Name of 
test sub- 
ject 

actions each). The significance of these differences was evaluated by Wileoxon's 
nonparametric criterion (P<0.05). 

First experi- Second ex- Name of First Experi-1 Second Experi- 
ment (Prob- , periment test sub- ment (Prob- ment (Prob- 
lem No. 1) (Problem ject lem No. 2) lem No. 1) 

No. 2) I 

CONCLUSION 

I 
B-v... 23 25 B-va ... 16 
I-v.... 25 39 E-v.... 10 
M-va.. 16 20 E-v.... 12 
M-va.. 10 23 z-o.... 12 
P-va.. 14 12 K-va 27 
P-va.. 14 12 L-va 19 
P-vA.. 9 11 L-va 17 
P-VYU. 13 14 M-o 19 
P-VYU, 9 19 M-0. . . 12 
F-va.. , 10 15 N-v.. . 26 
F-va... 6 15 R-ya.. 9 

Average 13.5 18.6 Average 
~ speed 

16.3 
speed 

In formulating the problem of the present investigation, we suggested that 
the formation of an ordered sequence of actions is connected with the process 
of grouping individual motor acts, and we attempted to demonstrate that the 
presence of blocks (groups) and their size are factors which determine the 
structure of the given sequence. We examined the effect of these factors on the 
character of learning and executing two sequences of equal length (in number of 
motor acts), but different in the structure representative of the block. 

The course of the learning process can be described by the growing number 
of learned acts and by the order in which they are learned relative to their po- 
sition in the sequence. This characteristic can be observed in an especially 
convenient manner by a learning method in which the test subject himself, freely 
reproducing a prescribed sequence of actions, controls both the number of 
motions and their order of sequence. 

7 
8 
3 
7 
9 
8 
10 
12 
10 
11 
6 

8.3 

The results of the investigation have shown that in learning each sequence 
the accretion and order of learning material reveals general features which are 
connected with the presence of the grouping process and differences which are due 
to the specific properties of the group (block). That the learning process has 
general features is manifested in the nonuniformity of accretion; rather it is 
stepped in nature, in that not a single motor act is added, but an entire block, 
The order of learning did not correspond to the order of the individual acts in 
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the sequence. The order of the motor acts in the block and the location of the 
blocks was learned separately. On the basis of these data it can be assumed 
that two independent processes, forming an organized sequence of learned acts, 
participate in learning: the process of combining single acts into blocks and the 
process of combining blocks. The differences in learning two sequences are due 
to the size of the blocks of motor acts and to the number of these blocks. In Fig. 
2 ,  which shows the distribution of the number of reproduced motor acts, it is 
clearly evident that the largest number of cases in Problem No. 1 relates to the 
reproduction of 4 ,8 ,12 ,16 ,  . . . motor acts. In Problem No. 2 the most frequent 
cases are those in which 6 , 9 , 1 2 , 1 5 , .  . . motor acts are reproduced. This means 
that the magnitude of the increment is dependent on a grouping process, which is 
connected with the specific structure of each problem. 

are revealed in the differing learning speeds. Our data show that a sequence con- 
taining a smaller number of blocks of greater size (Problem No. 1) is learned 
at a distinctly greater speed. Evidently, this indicates that grouping into suf- 
ficiently large blocks facilitates learning. 

The differences stemming from the different number of blocks in the problems 

Analysis of the distribution of time required to complete a sequence of 
actions showed that the grouping process is connected not only with learning. Of 
greatest interest to us are the results of measuring the magnitude of the pauses 
between consecutive actions. These results indicate that the pauses between two 
consecutive actions are different, depending on whether these actions are a part 
of the same block o r  of two successive blocks, Inter-block pauses are substantially 
greater than intra-block pauses; in Problem 1 the difference between them 
was >260 msec, and in Problem No. 2, 2230msec. Obviously, this difference 
in time is tied in with such characteristics of the problems as the presence of 
blocks. 

One of the possible explanations for the greater length of the inter-block - /73 
pause is that the time it  takes tomove thehand over the panel differs because of 
a certain difference in distance between separate keys. 

If we return to Fig. 1, where the possible grouping of responses in the prob- 
lems is shown schematically, i t  can be observed that the distance the hand has to 
travel from one key to the next is not the same in all cases. It turns out that 
hand transfer over the smaller distances is more frequently equivalent to the 
execution of consecutive actions comprising a single block (the solid arrows) than 
in transfers from one block to the next. 

The second explanation is related to the idea that the structure of the control 
program is hierarchical, so that the issuance of instructions to execute a block of 
actions requires a larger number of operations to be completed than instructions 
to execute individual actions within a block. Such an assumption naturally implies 
that there is a difference between intra- and inter-block intervals. 

We can decide which of these explanations is the real one by measuring the 
length of the pauses in those segments of the problem in which intra- and inter- 
block pauses are equivalent to hand transfer over equal distances. Such a seg- 
ment can be found in Problem No. 1 (Fig. 1). In the transition from block No. 6 
to block No. 7, i t  is necessary to move the hand from key 2 to key 5 (the hand- 
transfer time in this case is denoted as the inter-block pause); the first intra-block 
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pause in block No. 7 relates to hand transfer in the opposite direction, from key 
5 to key 2, that is, over the same distance. If the first hypothesis is correct, and 
the difference in magnitude of the inter-and intra-block pauses is actually due 
to the difference indistances, in the given segment of the sequence there can be 
no difference in the magnitude of the pauses. But if the second hypothesis is cor- 
rect, the difference in time should hold. 

We made measurements and pairwise comparisons of 190 such intervals for 
the entire group of test subjects. It turned out that, despite the absence of a dif- 
ference in distance in' moving the hand, the inter-block pause (transfer from key 
2 to key 5) exceeds the intra-block pause (transfer from key 5 to key 2) by 258 i- 
67.5 msec. This means that the difference in length of the inter- and intra- 
block pauses is not connected with the hand-transfer time and the distances, but 
is a characteristic of the control program. 

The problem of the nonuniformity in the time of completion of the motor 
acts themselves (the duration of the key-pressing action) as a function of their 
position in the block is disputable, It was shown above that in blocks of the four- 
component sequence, the next to last (third) action proves to be somewhat ex- 
tended in time, which may be due to the distribution of control commands of the 
program. It may signify that at this instant preparations begin to execute the 
next block of actions. The likelihood of such a hypothesis is supported by the 
fact that in executing the sequence the last block did not reveal a longer third 
action, as can be seen in Table 6, which shows the averaged data from 86 cases 
of completion of the block. 

TABLE 6. Average Duration of Motions in 
Executing the Last Block of Actions in the 

Four-Component Sequence 
(in msec) 

Statistica 
index 

I I I I 
I I I I v - .  '' 

But these ideas remain speculative, and this question is in need of further 
experimental study. 

The results obtained in these experiments demonstrate that the time dis- 
tribution over intervals of completion of a certain motor problem is invariant. 
This fact makes it possible to set up various test problems with a completely 
predicted time pattern of execution. This means that such problems are com- 
pletely suited for evaluation and description of certain aspects of the work of an 
operator, such as monitoring a sequence of actions. Obviously, the next step 
in developing such problems as tests is their use under spaceflight simulation 
conditions. 
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NERVE CONTROL OF THE TEMPO OF MOTION IN MAN 
AND POSSIBLE METHODS OF REPRESENTING 

TIME IN THE NERVOUS SYSTEM 

N. A. Rokotova 

One of the central questions of the problem of perceiving time has long been 
the question of methods of describing time in the nervous system. 

We can select three aspects under which this question is considered. The 
first is connected with the idea that time perception does not exist in a void, but 
is connected with measurement of the duration of events, of pauses between in- 
dividual events, that is, i t  is connected with the perception of certain signals 
[3, 5, 111. 

The second aspect of consideration deals with representation of subjective 
time stemming from the characteristics of active processes taking place in the 
organism. This question has been studied in greatest detail by B i i n g [ 2 ]  insofar 
as it applies to time intervals which record days, as well as by many researchers 
insofar as it concerns theinterval of 0.6-0.7 sec, which has received the name of 
%eutral1! interval in the literature [3]. In recent years the viewpoint has taken hold 
that an active part is taken in time measurement in the nervous system not only 
by vegetative rhythmic processes, but also by an ordered motor system [5,6]. The 
third aspect of the question of time representation in the nervous system relates 
to the search for physiological time counting units. The intense long-standing 
attention of psychologists to the %eutralf7 interval is, without doubt, somehow 
connected with the desire to find a certain subjective time-counting unit in this 
interval . 

But investigations of the %eutral" interval have not lead to distinct and uni- 
form results, the reasons for which have been thoroughly analyzed by Woodrow. 
To the analysis made by him we might add the absence of clear theoretical ideas 
on the part of investigators of the "neutral" interval and the absence of attempts 
to tie in "psychologicalll time with somatic motor activity. 

The first attempt to establish a theory on the representation of time intervals 
in the nervous system is due to McGill [lo], who described a model of an interval 
generator and considered some applications of this model. The main point of 
McGill's theory is the idea of the existence of an active nervous mechanism which 
generates pulses of a rigorously defined frequency and participates in control of 
the time characteristics of motion. 

- f75 

Although McGill does not examine the neurophysiological foundations for 
such a mechanism, i t  should be noted that his theory could be supported by such 
foundations. Thus, e. g. , Eccles, Leinas and Sasaki[9] in 1966 published data on 
the existence, in the cerebellum, of neurons, whose function is to generate 
rhythmic discharges of a specific frequency. Similar data have been published 
by Breitenberg [ 8 ] .  

- /76 
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In our paper [4] we demonstrated that man, in executing a consecutive series 
of motions with his hands, choosing his tempo independently, works so uniformly 
that the distribution of intervals during which individual motor cycles are executed 
agree well with McGill's model. 

On the basis of these data we formulated the hypothesis that a uniform work 
tempo is maintained by virtue of the functioning of a nervous mechanism which 
gener;ttes intervals of fixed frequency, the effector system being turned to this 
frequency. 

Subsequent research convinced us  that this hypothesis is in need of being 
supplemented. Experiments have shown that there exists not a single tempo 
which can be maintained with high precision. This means that the mechanisms 
which generate intervals may contain certain sets of intervals which differ from 
each other, If this is true, then it is possible that there exists a step-type 
mechanism, as described by Ashby 171, which changes control of the tempo of 
motion from one value of the generated interval to some other. It is natural to 
believe that time description in the nervous system may be connected with a set 
of intervals used to control the tempo of motion, 

The problem of our present investigation reduced to a clarification of the 
problem of the number of different possible speeds of execution by a human 
being of certain motor activity, of the level of precision with which each of these 
speeds is maintained, and of the relations between the speed-maintenance function 
and the function of transition from one speed to another. 

We studied the motions of the hand in performing a fixed series of successive 
key-pressing operations. In the experiments, in which 3 persons participated, 
we measured the magnitude of the interval during which a motor cycle was com- 
pleted (tmot) and the length of the total interval (to) in which the same fixed se- 
quence of motions was completed. 

The problem of the test subject consisted in learning a distinct path of hand 
motion over the experimental panel while executing 24 button-pressing operations 
on the panel. After being trained we started the basic series of experiments, 
during which the test subject repeatedly reproduced the learned sequence, succes- 
sively changing arbitrarily chosen speeds from the fastest to the slowest. 

The structure of the orderof the motions made in executing the indicated se- 
quence of actions has the following features. 

1. Three consecutive pressing operations in the sequence (1-3,4-6, . . . ,21- - /77 
24) are completed moving the hand in the same direction over the panel. 

2. Each succeeding triad differs from the preceding by a change in direction 
of hand motion. The different directions are: right, left, clockwise, counterclock- 
wise, diagonally right and diagonally left. 

The results of our previous research had shown that the time characteristics 
in executing such a sequence can be predicted. The time interval during which the 
triad motor cycle is completed fluctuates but little, and its distribution indicates 
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specificity [4]. The interval between triads has a more random nature; it is char- 
acterized by high dispersion and an asymmetric distribution. 

Time of a Motor Cycle While Maintaining and 
Changing Work Speeds 

The instruction prior to beginning the experiment directed the test sub- 
ject to: 

a) choose the fastest speed and repeatedly execute the sequence while ad- 
hering to this speed; 

b) change the speed by slowing it to the lowest possible value and repeatedly 
execute the sequence while adhering to this new speed; 

c) repeat instruction (b) with regard to the second speed and other speeds. 
The experiment is terminated after the test subject states that it is difficult o r  
impossible to choose a slower speed. 

The results of measuring intervals characterizing the time of completion of 
a single motor cycle (moving the hand + pressing) are  given in Table 1; they 
show that: 

1) each speed chosen by the test subject is related to a stable value of tmot. 

2) a change in speed is connected with a change in tmot by a value greater 

The dispersion of the values of tmotdoes not exceed a certain limit: 

than the magnitude of the dispersion. 

The results we obtained indicate the presence, in the nervous system, of 
a set of intervals, and, in conformity with these intervals, the time of completion 
aspect is the selection of an interval from the set and turning to it. The degree of 
stability of the speed can be described as  a measure of the deviations from the 
mean value of t 
function of the interval tmot(o tmot/tmot= const). These relations are  evident in 
Table 1. 

/t ). Inanalyzing the stability, we found that it was a mo t(O tmo t 'mot 

Similar results were obtained in the work of I. N. Krylov and from the 
laboratory of M.A. Alekseyev from test subjects tapping a keyboard with his 
fingers (private communication). 

The maintenance of a single tempo and changeover to a different tempo, 
maintaining the second tempo, and the characteristics of tmot obtained in doing 
so, agree with Ashby's ideas on two brain control mechanisms [ 71. 

tain given limits. The operation of such a kind of mechanism ensures that the 
tmotinterval is maintained at the level of the given tempo. Then fluctuations of 
the interval show the limits of the field of the variable and are a real part of the 
description of the operation of the given mechanism. 
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The first mechanism is designed to maintain the control variable within cer- 



The second mechanism illustrated in Ashby's theory, which he called a step 
function, is designed to transfer the values of the variable from one field to 
another. The operation of this kind of mechanism can ensure the 

values detected in the experiments. Then the measure of th tmot 
is essential for a description of the step tween the values of tmotn 

mechanism. Under conditions of our experiments, when the test subject is in- 
structed to change the tempo to the minimum possible value, a certain threshold 
value was prescribed for the step function, AT. 

and trnotn-l 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

TABLE 1. Length tnot and Fluctuations utnot inExecuting 
a Motor Cycle While Maintaining Each of the Chosen 
Speeds (the Mean Number of Measurements of Each 

Quantity 7 0 k 3 )  

250 
280 
310 
340 
370 
410 
450 
500 
570 
630 
710 
770 
850 

1060 
1250 

I 

&/ 0 
1- - 

'06- * - 

P-v 
Ofmot, 
msec 

20 
23 
21 
24 
28 
24 
35 
39 
37 
55 
48 
59 
77 
85 
83 

- 
AT' 
isec 
- 

30 
30 
30 
30 
40 
40 
50 
70 
60 
80 
60 
80 

210 
P90 

P ( A T > o t  ) = 0.999. in0 t 

tmot, 
msec 

325 
360 
400 
475 
545 
645 
740 
835 

I010 
1150 
1335 

-va 
Imo' 
isec - 

33 
34 
30 
55 
42 
46 
62 
83 
68 
80 

130 

AT* 
isec - 

35 
40 
75 
70 

100 
95 
95 

175 
140 
185 

I 

tmo t , 
msec 

285 
340 
430 
520 
860 
970 

1240 

0 1  
02 
x3 

-va 

mot 
nse 1 

- 
I .  

33 
29 
30 
36 
40 
44 
61 

- 

nsec 
7 

55 
90 
90 

140 
310 
270 
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Further analysis of AT showed that i t  depended on the magnitude of tmot, 
but this relation is of a different nature as compared with the interval-mainten- 
ance function. The interval grows on a logarithmic scale, whereas the test 
subject assumes that it provides a uniform minimum increment to the value of 
tmot* 

The values of tmotwithwork speeds chosen successively by the test subjects 
are  plotted in a logarithmic scale in Fig. 2. From the figure it is evident that 
the individual points a re  arranged fairly well in a straight line, the slope of which 
describes the step function of the given test subject, 

Figure 2. Magnitude of the Inter- 
vals of Motor Cycles in the Case 
of Consecutively Chosen Work 
Speeds in the Part of the Test Sub- 
jects. The Notation is the Same 

as in Fig. 1. 

For the completeness of the char- 
acteristics of the two functions it is 
necessary to say that the number (set) 
of work speeds for the same test sub- 
ject fluctuates somewhat in the different 
experiments , having a tendency to 
increase with training. Test subject 
G-va revealed 7 gradations in speed in 
the first experiment and 11 in the 
second, R-vs revealed 6 gradations in 
the first experiment and 7 in the second. 
At the same time it is completely possible 
that there are  a certain number of speeds 
which describe the individual traits of the 
test subject. The study of these traits 
in various people is highly rewarding 
for purpose of applied psychology. 

Time of Completion of a Fixed Se- 
auence of Motions While Main- 

taining and Changing Speeds 

The total time of completion of a 
sequence (to) while maintaining and 
changing work speeds is shown in Table 2. 

From the table i t  is evident that while maintaining each speed the interval is very 
stable, the error  in  speed precision (a to/to) not exceeding 0.05. 

exceeds the error  in precision. 
There is also a certain difference between two adjacent intervals AT,, which 

Shown in Fig. 3 are values of t for test subject P-va over the entire range 
0 

of selected work speeds, From the figure we can see both the characteristics of 
holding to precise, expressed as  rms deviations, as well as  values relating to 
AT,,  representing differences between two adjacent to. 
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TABLE 2. Total Time of Completion to in the Case of 

6000 
6650 
7470 
8030 
8970 
9920 
10920 
11960 
13550 
15010 
16760 
18530 
20030 
25240 
30030 

- 
No. ol 
work 
speed 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

- 
0.020 7850 0,029 
0.009 650 8600 0.018 
0.026 820 9680 0.026 
0.018 560* 11330 0.046 
0,014 940 12940 0.007 
0.011 950 15490 0,019 
0.020 ?OOO 17580 0.031 
0.019 1040 $9900 0.056 
0.024 1590 23770 0.012 
0.032 1460; 26980 O.OL9 
0.026 1750 31640 0.0% 
0.015 1770 
0.023 1500 * 
0.029 5210 
0,006 4790 I 

Arbitrarily Selected Work 

msec 
I I '  n i t  

750 
1080 
1650 
$610 
2550 
2690 
2320 * 
3870 
3210 
4660 

ieeds 
R-va 

to ,  
msec 

6840 
8160 
9980 
12130 
15450 
22620 
28850 

-- 
at 0 
t0 
- 

0.021 
0.013 
0 -017 
0.018 
0.019 
0.003 
0.010 

ATo**. 
msec - 
1320 
1820 
2150 
3320 
7170 
6230 

ec 

Figure 3. Total Time of Completion of the Problem (to) by Test 
Subject P-va in the Case of Arbitrarily Chosen Work Speeds. The 

Errors Indicate u t ,  

Now let us go on the relations between to and tmot. Figure 4 presents the 
interval t as  a function oft  
t is a derivative of tmot, it is clear that the characteristics of the functions 

revealing that to = a + ktmot. Since the interval 
0 mot' 

0 
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representing maintenance of the interval and of the step function are  preserved, 
Here we are  faced with the question of the c 
of the work speed that arise in conn 
(with the order of the actions in the 
that sequences consisting of individual org 
spect to time characteristics, by more pr  
block and by less precise intervals at PO 

In one of the articles it was shown that the peak is the distribution of these 
inter-block intervals coincides with the peak of the distribution for intra-block 
intervals, but the sharp slope of the distribution to the right is responsible for the 
greater average values of these intervals. In conformity with McGill‘s model, 
we consider control of these intervals as  control with an error, where there is a 
probability that jumps o r  idle cycles of the generator occur. The given sequence 
contains not less than 3 such separating intervals. At the same time, the interval 
to behaves as if these intervals did not exist. One of the possible explanations 
of this fact may be that organization of to on the level where a decision is made 
as to the choice of the number of pulses from the rhythm generator is somehow 
connected with allowance being made for the probability of idle generator cycles. 

f,, msec 

“““i 

Figure 4. Total Time of Completion of a Prob- 
lem as a Function of the Length of the Motor 
Cycle. The Notations 1 , 2  and 3 are the same 

as in Fig. 1. 

If it is assumed that this 
probability does not vary, we 
can imagine that to execute 
a sequence a greater num- 
ber of rhythmic control pulses 
is needed than there a re  
motions, We suggested that 
under the given conditions, 
with a number of motions 
n = 23 (this many motor cycles 
can be measured for a se- 
quence of 24 motions), the 
number of control pulses is 
n + 1 with an interval between 
two pulses of z = tmot. 

values to which to should cor- 
Given in Table 3 are  the 

respond under this condition, and the values actually found experimentally. 

In this case we assumed that agreement between the calculated and experi- 
mental to can be considered sufficient if the difference between them does not 
exceed the rms deviation. As evident from the table, where the values represen- 
tative of the activity of test subject P-va are  given, agreement between the 
theoretical and experimentdl to intervals was observed in 14 out of 15 cases. The 
same was observed with the other test subjects. Thus, the hypothesis that the 
total time of completion problem is organized by fixing the number of gener- 
ated intervals with all s in execution is not without foundation. 

70 



However, if control of the interval to is so rigorously dependent on the 
number of rhythmic pulses, the error in execution should obviously lie within 
the limits of a single pulse. And this means that "to should be < tmot. The 
equivalent data are shown in Table 3, fromwhich it is evident that this relation 
is valid in all cases. 

- /83 

It is very important to emphasize that the described precision of to and the 
simplicity of calculating it are not in direct relationship with the values of the 

If we return to a consideration of the rhythmic structure of a intervals t 
sequence, we can see that the average values of t 
making up a block are not equal to the intervals which separate consecutive blocks. 
Hence, all the intervals of motions making up a block are always selected for 

. As has already been mentioned, the average values of the inter-block intervals tmot 
a re  always greater than the corresponding tmot. Thus, the lengths of these two 
types of intervals can serve as evidence for the rhythmic structure of the sequence 
(although, as we already wrote, the difference between the average values does 
not completely reflect the nature of the differences between these intervals). 

mot' 
for the intervals of motions mot 

TABLE 3.  Relations Between the Theoretical and Ex- 
perimental Values of to, and Also Between Their 

Differences, tmot and Gto, for Test 
Subject P-va 

-a 
u a  
W u 1  

2:"8 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

- 
mot7 
nsec 
- 
250 
280 
310 
340 
370 
410 
450 
500 
570 
630 
710 
770 
850 
1060 
1250 

6000 
6720 
7440 
8160 
8880 
9840 
10800 
12000 
13680 
15120 
17040 
18480 
20400 
25440 
30000 

I 

6000 
6650 
7470 
8030 
8970 
9920 
10920 
11960 
13550 
15010 
16760 
18330 
20030 
25420 
30030 

- g .$ 
79 g o  
09) g 
5 0  E 

9)a 

A.Q .- 

0 
70 
30 
130 
90 
80 
120 
40 
130 
110 
280 
50 
370 
20 
30 

"to. 
msec 

123 
58 
198 
142 
128 
I10 
224 
226 
327 
491 
430 
276 
470 
729 
177 

- 
- 
+ + + 
f 
-i 
-b + 
+ + + + + 

I - 

Shown in Fig. 5 are data of the experiment with test subject P-v. The 
hachured columns are the length of the intervals for motions during the transition 
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0 f 2 3 4 5 6 7 8 9 f1 // t2 /5 . 
Number of the work speed 

Figure 5. Length of tmot (1) and of the Intervals Separat- 
ing Organized Blocks (2) at Different Work Speeds for One 

Test Subject, 

from one block to the next for all 15workspeeds. Distinctly evident is the in- 
variant rhythmic structure of the sequence, which we have already described, 
the control of which is independent of the control of the tempo of work. 

CONCLUSION 

The experimentally obtained data demonstrate the high precision with which 
time intervals a r e  repeatedly reproduced in motor activity when the work speed 
is freely chosen. It turned out that the precision of the intervals for completion 
of a single motion (tmot) within the limits of 250 to 1250 msec, as described by 
the relative error  in execution, amounts to 0.07 - 0.12 of the length of the inter- 
val (7-12%). These figures are found to be in complete agreement with the level 
of precision of discrimination o r  reproduction of the corresponding intervals 
when the intervals are specified by external signals 11, 31. 

Thus, it can be assumed that the nervous system (of amature person) contains 
a description of a certain set of intervals: the tempo of motion is automatically 
controlled in conformity with this set and it can be used to measure the length of 
signal arriving from the outside. 

actions is performed, a certain interval of the total time of completion (to) being 
reproduced repeatedly, is considerably greater than the precision with which 

to Woodrow, the recognition o r  reproduction of intervals of 6-30 sec is accom- 
panied by an error of up to 30%; in our experiments, the error is completely an 
interval of from 6 to 30 sec at  various work speeds was 1-5%. 

. i  

It was further found that the precision withwhich an organized sequence of 

/85 intervals lying within these limits are recognized and reproduced. According - 
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Thus, the execution of an organized sequence of actions sharply defines the 
reproduction of time intervals. It can be imagined that 
externally prescribed time intervals lying within the limits b 
be considerably more precise when they are filled with characteristic activity, 
An examination of the experimental data devoted to this problem will be the 
subject of discussion in the next publication. 

The process of time perception is obviously related to control of the motor 
activity, This viewpoint is found to be in agreement with the views of Elkin [C;] 
and Smith [ 5 ] .  

W e  believe that the data presented here contribute to more precise de- 
finitions of this viewpoint. These definitions relate to the idea that there exist 
two functions of control of intervals during which motions are executed, one for 
maintaining the interval within givenliniits, the other for changing the interval 
(Ashby's step function). 

The latter, which was up for discussion here, relates to the differences be- 
tween tempo and rhythm. In accordance with the definition given by Woodrow, 
we believe that rhythm is a method by which intervals are grouped together. 

I 
In preceding investigations 141 we showed that the rhythmic characteristics 

of executing actions are connected with methods for setting up and storing the 
order of actions in the memory. The tempo of motions is described either by 
the number of motions per unit time o r  by the interval during which an individual 
motor cycle is completed. In the present article we used the latter description 
and chose the intervals of motions comprising blocks as such an interval in 
order not to complicate the description by including the rhythmic characteristics. 

Our research has shown that the tempo and rhythm are controlled indepen- 
The rhythm of execution is invariant to a change in tempo, as was dently. 

demonstrated here. 

The temporal organization of a sequence of motions involves separate con- 
trol of the rhythm and work speed and is related to time description in the ner- 
vous system, 
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ORGANIZATION OF A SYSTEM OF ACTIONS IN THE 
CASE OF RANDOM ALTERNATION O F  SIGNALS 

Ye. S . Rogovenko 

In the present investigation we consider one of the new experimental methods 
of studying the higher nervous activity of man on the basis of the characteristics 
of a finite automaton with two inputs and four states. The data presented below 
can be considered as the original data for developing a test which will evaluate 
man as a decision-making mechanism, relating an incoming signal to the result 
of a prior action, The importance of working out such tests for the develop- 
ment of space science is without doubt. Since man is a link in a spacecraft and 
situation control system, i t  is necessary for him to evaluate control possibilities 
at any required instant. The present investigation is devoted to this -problem. 

The classical experiments of I. P. Pavlov's school on animals demonstrated 
that a dynamic stereotype of conditioned reflexes, developed with regular appli- 
cation of conditioning stimuli, always in the same sequence, can remain invariable 
if the usual order of sequence of the conditioned signals is interrupted 11, 3, 91. 
Relying on these facts, Asratyan [2] expressed the idea that a dynamic stereo- 
type reveals the capability of the brain to program its activity. In our previous 
experiments with dogs [4] we found that after prolonged application of a stereo- 
type consisting of two alternating stimuli (positive and inhibitive), the formation 
of another stereotype consisting of new signals, positive only, is complicated by 
the fact that the reflex to the stimulus that occupied the inhibitive positions of the 
previous stereotype was reinforced with great difficulty. In Rokotova's experi- 
ments 151 with dogs and monkeys it was shown that it is possible to form a system 
of response reactions that avoids the use of concrete stimuli and is sustained by 
interreflex links. These facts make it possible to suggest that in the process of 
forming a stereotype interval links are established between conditioned reactions 
and that these links a re  more substantial than those between external signals and 
response reactions to these signals. 

In the investigations of our laboratory 16, 71, a human being set up lengthy 
ordered sequences of actions (pressing keys on a panel) in the presence of a con- 
ditioning stimulus. In the learning process the test subjects themselves were to 
establish the order of actions and to reproduce the order correctly. The test 
subject set up his own program of actions by forming interval links between in- 
dividual motor acts, in which case the external stimulus fulfilled the role of a 
triggering signal. 

The working out of the dynamic stereotype in the experiment is a particular 
and, to a certain degree, an artificial example of organization of stereotype 
activity. It differs from what is done in daily life by the stability of the conditions 
under which the man or animal has to structure his activity. Let us assume that 
the man is subjected to a number of actions and does not know in what order they 
will be applied. Each action in turn may be related to several different reactions, 
either the one or the other reaction being the correct one, depending on the con- 
ditions. ' In order to realize the correct reactions, the man must evaluate the 
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conditions under which he must act. It can be imagined that the organization of a 
system of actions in such a situation proves to be a complicated process, con- 
sisting of several problems: classification of all reactions into groups consistent 
with each of the actions and the establishment of links between reactions within 
one group and between reactions pertaining to different groups. And to do so it 
is necessary to coiisider whether one and the same action is continuing or  whether 
it is changing. If man meets these requirements he will be able to react correctly 
to any sequence of external actions an unlimited number of times. Naturally, in 
such a situation the external signals must not lose their value, even when the 
human being has already formed his sys tem of ac tioiis. 

A part of the problem of the present yesearch was to determine how man 
organizes his activity when, in order to make a decision with respect to a 
consecutive action, he must evaluate the preceding action and a t  the same time 
take the prevailing simal into account. 

- /88 

With this aim in mind we carried out experiments in which the following 
experimental conditions were set up: 1) a random sequence of two equally probable 
signals (red and green lights) was used; 2) the actions of the test subjects con- 
sisted in pressing four keys arranged in a row in the experimental panel; 3) two 
possible actions were connected with each signal; and 4) transistions from key to 
key were established by rules which were pre-set by the experimenter. In bold 
outline the rules consisted in alternating key-pressing operations related to a 
specific signal if the signal was repeated several times, If the signals varied, it 
was necessary to move from one group of keys to another, depending on the location 
of the preceding action. 

The object of this investigation was to study methods of organizing a system of 
actions and of finding the rules necessary to solve the problem, 

METHOD 

Test Subjects. These were 9 persons of both sexes, ages 17 to 30, volunteers. 
The majority had previously participated in psychophysiological tests. 

Experimental Setup. This consisted of two panels, The test subjects' panel 
measured 25 x 35 cm containing four keys, of the inverted N type, arranged in a 
row, 6 cm apart. Above the keys in the center of the panel were two small lights 
(red and green), covered with frosted glass, On the experimenter's panel were 
arranged 4 keys of the inverted N type and 4 small lights wired to the keys of the 
test subjects' panel. With one of the keys the experimenter triggers a signal on 
the test subjects' panel. The test subject can extinguish i t  only by pressing the 
appropriate key on his panel. At the instant the test subject presses a key, the 
light on the experimenter's panel that is wired to this key flashes. By means 
of this set up we were able to monitor the entire course of the search for the cor- 
rect key, 

The instructions were issued prior to starting the experiment and read as 
follows: 'When the red, o r  the green, signal flashes, you must find the key that 
will turn it off, If you press a key and the signal does not turn off, continue your 
search. Your problem is to learn to extinguish the lit signal without error. u 
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Experimental Procedure. The test subject was located in the same room 
with the experimenter and sat back to back with him during the experiment. 
time intervals from the instant the signal was extinguished to the time the next 
was turned on was 1 to 1.5 sec. 
during a single experiment lasting from 1 to 2 hours. If the test subject asked 
to take a break, the experiment was recessed for 5-10 min. 

The 

The problem was presented to the test subject 
- /89 

Program. A random sequence of two signals intended for 1000 tests was 
programmed in a Ural - 2 computer. The probability of appearance of each 
signal was 0.5. The program of the experiment was put together in consultation 
with and with the aid of V.I. Varshavskiy. It was based on certain rules char- 
acterizing the operation of finite automata. A diagram of the rules is given in 
Fig. 1. The circles represent the panel keys. Crossovers from key to key on 
the red signal are indicated by a solid arrow, while those for the green signal 
are indicated by broken arrows. By the condition of the experiment each signal 
may trigger two actions. We specified that on the red signal (R) the test subjects 
had to press either the first o r  third keys and on the green signal (G) either the 
second o r  fourth keys. In view of the random sequence of the signals, the latter 
could be applied in the following combinations: RR, GG, RG and GR. 
operational rules for any combination are  as follows: 1) when the signal G is 
repeated several times in succession, it is required to change alternately from 
the 2nd to the 4th and from the 4th to the 2nd keys; 2)  when the signal R is  repeated 
several times in succession, it is required to change alternately from the 1st to 
the 3rd and from the 3rd to the 1st keys; 3) if the signal R is followedby the signal G,  it 
is required to change over to the next key on the right; 4) if the signal G is followedhy the 
signal R,  i t  is required to change over to the next key on the left. 

The 

The realization of these rules in the 
experimental program was incident to 
establishing a series of moves by the arrows 
of a graph which would be superimposed on 
the random series of signals. In the ex- 
periment the experimenter reproduced the 
program by simultaneously turning on the 
signal (from the random series) and "un- 
lockingtf a specific key (according to the 
diagram of the automaton). The problem of 
the test subject consisted in identifying the 
signal and searching for the key which at 
the given instant would extinguish it. The 
signal could be turned off by the key that 

e73-l--+ 
2, --- -//' 

Figure 1. Diagram of the Rules 
of the Experimental Program, 
The Circles Represent the Keys 
of the Panel; the Solid Arrows 
are  Changeovers on the Red 
Signal; the Broken Arrows are  
the Same for the Green Signal. 

was "openedTT by the experimenter and occupied a specific position in the scheme 
of the automaton. 

Indexes. All the correct and erroneous responses of the test subject during /90 - the learning period. 

Learning Criterion. The problem was considered to be completed when the 
test subject followed his last error  by three correct repetitions of all the pro- 
grammed moves in accordance with the arrows of the graph. 
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Experimental Results 

Our experiments demonstrated that all the test subjects learned the pro- 
posed problem after 276 -+ 53 applications of the signals. It was found that after 
20-30 signals all the people, regardless of the individual differences in speed of 
learning, began to observe certain regularities in the erroneous actions. In the 
majority of cases the errors were noted in the same combinations of signals and 
were identical in various test subjects. 

Under our experimental conditions, each person was to perform two tasks: 
divide the entire set of his actions (pressing four keys) into two subsets (pressing 
two pairs of keys), connect each of them with a distinct signal and establish the 
transitions from one action to the next when the same signal was repeated and when 
the signals changed. Therefore, in analyzing the incorrect actions, all the errors 
were divided into two groups, Referred to errors of the first group were those 
cases when the test subjects completed actions which were related to another 
signal. A diminution of these errors should have indicated how people distribute 
their actions relative to the signals. Referred to errors of the second group 
were those cases when the test subjects executed an action connected with the pre- 
vailing signal, but which was not the right one at that instant. A reduction of 
errors  in this group should have indicated how the people established relations 
between actions and various signal combinations, 

In order to be able to compare the data of individual test subjects we made 
use of the Vincent-Hilgard method [lo]. For each test subject the entire learning 
process (number of trials required to achieve the learning criterion) was taken 
as 100% and was divided into five equal periods-20, 40, 60, 80 and 100. In 
addition, we analyzed the incorrect actions within each learning period, We cal- 
culated the relative errorfrequency of the 1st and 2nd groups as a function of the 
total number of responses, taken equal to 1. The data are presented in Fig, 2. 
From the first period we selected the initial learning instant during which the 
test subjects for the first time found all the programmed crossovers (zero point). 
Given on the curves are the errors of the 1st and 2nd groups made by the test 
subjects during the learning process (average values from 9 test subjects). 

As is evident from Fig. 2, in the very first learning period (the zero point) /91 - the error frequency in both groups was approximately the same, namely, 0.27 
and 0.25. Then the errors incident to a lack of knowledge of the relations be- 
tween actions and signals (1st group) dropped appreciably behind the first half 
of learning. The relative error frequency at the end of the second period de- 
creased from 0.27 to 0.09. The errors connected with ignorance of the specific 
transitions between actions (2nd group) decreased during the same period to a 
considerable degree, i. e. , from 0.25 to 0.19, The principal decrease of errors 
in the 2nd group was observed only at the end of the fourth learning period. The 
relative frequency of these errors in the third period was 0.16 and in the fourth 
0,09. 

These data permit us to conclude that in organizing a system of actions 
under random signal conditions the test subjects first and foremost divided their 
actions into two groups and related each of the groups to a specific signal. Then 
they established transitions between definite actions. 
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The next question on our research agenda touched on the method of finding 
rules which could be used to form a system of actions. In the program we used 
in teaching the test subjects all transitions were encountered with equal frequency 
and were governed by rules set up for any possible combination of signals. Since 
the people were able to learn the given program, it could be assumed that they' 
somehow acquired these rules. It is not out of the question that the test subjects 
set up rules similar to the ones we used. If this is the case, then probably the 
transitions from key to key, carried out with the same signal combinations, were 
acquired by the people as some sort of a whole, i. e.,  as a rule. Then the dif- 
ference in speed of evaluation between these transitions should be less than the 
difference between one of these transitions and any other one connected with a 
different signal combination, In order to throw light on this aspect, we deter- 
mined the speed with which'the test subjects learned to execute all the pro- 
grammed transitions without making an error. The learning speed was expressed 
as the number of applications of each transition required for completion of the 
transition five times without an error  (number of trials). The overall data 
obtained with the 9 test subjects are given in Table 1. 

From the table it is evident that when the same signal was repeated the 
people learned the correct actions faster than when the signals were changed. 
Since the transitions incident to various signal combinations differed from each 
other, the difference in speed of evolution of the individual transitions was 
checked by making the following comparsions: 1) transitions upon f1G-G" signal 
combinations, i. e. , transitions between the 2nd and 4th keys; 2) one of these 
transitions with a transition attendant upon the lfR-Rff signal combination, i. e. , 
transitions from the 4th to the 2nd key and from the 3rd to the 1st key; 3) transitions 
carried out in response to the IIR-G" signal combination, i. e. , transitions from 
the 1st to the 2nd and from the 3rd to the 4th key; 4) one of these transitions with 
the transition incident to the lrG-Rtf signal combination, Le . ,  from the 1st to the 
2nd and from the 2nd to the 1st key, 

Possible signal combinations 

Red - red 

Green - green 

Red - green 

Green - red 

Transitions established 
by the program 

Speed of evolution of 
transitions (number of 

trials ) 
25 
27 
74 
62 

104 
108 
199 
124 

from 1st to 3rd key 
from 3rd to 1st  key 

from 4th to 2nd key 
from 1st to 2nd key 
from 3rd to 4th key 

from 4th to 3rd key 

from 2nd to 4th key 

from 2nd to 1st key 

The reliability of the differences was tested by the t criterion. The dif- 
ferences were considered to be reliable if P <  0.01. The data are given in Table 2. 
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% of the total No. of trials 
Figure 2. Relative Frequency 
of Errors in the Learning Pro- 

cess. 
1-Errors of the 1st Group; 

2-of the 2nd Group, 

I "'t A B 

Figure 3. Relative Error  
Frequency When Repeat- 
ing the Green (1) and Red 

(2) Signals. 
A and B are the Groups 

of Test Subjects. 

TABLE 2.  Differences in Speed of Evolution of Transitions - /94 

trials) 
0,3> P > O J  

0.01 > P>O.OO 2 

From the table i t  can be seen that only the differences between transitions re- 
lating to different signal combinations were reliable, This means that the people 
combined transitions in accordance with their common characteristic, a com- 
bination of signals, and set up their operational rules for each combination, 

Examining the speed of evolution of the individual transitions, we took notice 
of the fact that on the first repetitionof the red signal, seven of the 9 test subjects 
chose the correct key, while on the first repetition of the green signal, on the 
contrary, only 2 test subjects did not make a mistake. When we followed the 
sequence of signal from the very start of our program, it turned out that the red 
signal was repeated for the first  time after the green signal had already been re- 
peated ten times: 

R G G G G  R G G G  R G G G  R G G G  R G G ~ G G  - -  R G G ~  --- 
GG R ~ G  R ~ G G G R  - G R, etc. -- 

Then we compared the number of incorrect responses in the first 10 repetitions 
of the green and in the first 10 repetitions of the red signals. These data are 
presented in Fig. 3, A (average data from 9 test subjects). As is evident from 
the figure, on repetition of the green signal incorrect answers amounted to 0.52, 
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whereas on repetition of the red signal they were 0.27. It is interesting that in 
ten repetitions of the green signal 8 of the 9 test subjects chose the correct 
key. On the basis of these data it can be assumed that as early as these learning 
periods the test subjects determined to a significant degree the relations between 
actions and signals and aworking rule on repetition of a single signal (green) . Having 
found this rule, they applied it to the case of repetition of the other signal, using 
another pair of keys. There arises the rather important question as to the capa- 
bility of man to apply a ready-made rule in another, but analogous situation. In 
this connection we decided to change somewhat the very start  of our program so 
that the repetitions of the red and green signals alternated, retaining the equal 
probability and random sequence of signals: 

/% 

With the new program we trained 4 people who had not participated in the 
basic experiments. The average data obtained from these test subjects are 
given in Fig. 3, B, As can be seen in the figure, the fraction of errors in re- 
peating both signals in the case of this control group of test subjects was al- 
most the same, namely, 0.40 for the green signal and 0.43 for the red signal. 

These data allow us to suppose that in finding transitions between individual 
actions, the test subjects combined them (the transitions) by means of a common 
feature, which in this case was a signal combination, and established rules for 
each such combination. Having set up the working rule for one concrete combina- 
tion, they transferred it to another combination, but similar to the first. 

C ONC LUSION 

In our experiments test subjects were presented with a complex problem 
which could be executed only by constantly requiring the test subject to perform 
several logic operations, such as dividing all the actions into groups related to 
different signals and setting up rules for transitions from one action to the next 
within one group and between actions associated with different groups. The aim 
of the investigation was to discover how people establish rules which must be 
known in order to solve the given problem. 

Analysis of the incorrect actions taken by the test subjects during the learning 
process demonstrated that it was primarily the errors representative of the degree 
of knowledge of the relations between the actions of the human being and the external 
signals that decreased. Errors attendant upon ignorance of the specific transitions 
between actions were retained almost throughout the learning process and de- 
creased only toward the end. The literature contains data indicating that the re- 
lationship between correct and incorrect responses at different periods of the 
learning process may typify the degree of difficulty of the problem to be solved. 
Howland 1111 presents two types of learning curves. In his opinion, character- 
istic of easy problems in the abrupt decrease in errors at  the beginning of the 
learning process, and at the end for harder problems. If our data are examined 
from this viewpoint, i t  can be surmised that the classification of all actions into - /95 
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two groups related to each of the signals was an easier task for the test subjects 
than the finding of rules for transitions beween actions. Hence i t  can be con- 
cluded that in forming a system of actions in the case of random signals, people 
organize their activity so that they first divide all the actions into groups con- 
sistent with the external signals and then attack the problem of setting up rules 
for transitions between actions. In doing so they must find rules for the cases 
of repetitions of one signal and for cases of changing signals. 

When we determined the speed at  which a human being established links 
between individual actions, we found that transitions made on the repetition 
of signals were evolved quicker than transitions made on the change of signals. 
These data permit us to assume that the finding of working rules in the case of 
continuous action of a single signal is easier for man than when signals changed. 

According to the data of our laboratory [81, in working up programs containing 
a constant order and a constant number of motor acts, people used the mechanisms 
of grouping elements (individual actions having some sort of common feature are  
combined into groups which appear as a unified whole) and the mechanisms of 
successive acquistion of these blocks of actions. It can be assumed that when 
people perform actions in response to a random sequence of signals, they have 
also grouped these actions. In our experiments, the features linking actions 
may have been signal combinations, in response to which actions were executed. 
A n  examination of the difference in speed of evolution between transitions re- 
lating to different signal combrnations permitted us to make this assumption. 
Then, in case actions performed upon repetition of a single signal are  grouped 
together, an independent system of actions, incident only to multiple repetition 
of this signal, may be formed. The same is true when a second signal is re- 
peated. Since the signals were transmitted in random sequence, the number of 
signal repetitions, and therefore the number of actions within each such system, 
changed continuously. A changein signal terminated the application of one system 
and transferred the activity of the test subject to the next system. In order to 
prevent making errors,  the test subject would havebad to learn, in this case, to 
change over from any point of this system to any point of the other. But to do 
this i t  was not enough to evaluate the present signal and to decide whether the 
same action was continuing or  was changing, In order to establish such transitions, 
the test subject would have had chiefly to keepinrnind the position of his preceding 
action. According to our data, the establishment of transitions incident to evalua- 
tion of a prior action and to allowance for the present signal presented the test 
subjects with the basic difficulty of organizing a system of actions. 

- /96 

Despite the fact that the classical concept of a dynamic stereotype includes as  
a necessary condition the existence of always the same sequence of actions in re- 
sponse to a constant series of signqs, we thought it was possible to assume that 
the form of human activity we studied is not only complex, but also stereotype, 
because the test subject learned to execute, in a regular fashion, the same com- 
binations of actions each time the conditions under which he had to make a de- 
cision coincided. Having acquired all the rules contained in the program, people 
were able to execute actions an unlimited number of times, each time making the 
right choice. 

The fact that rules formulated for operating in response to repetition of a 
single signal are transferred to the case when the second signal is repeated 
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indicates that, on organizing their activity, people may use ready-made rules and 
thus apply available knowledge. 
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ORGANIZING A SYSTEM OF ACTIONS WITH RANDOM 
ALTERNATION OF SIGNALS, SEARCH AND 

CHOICE OF ACTIONS 

Ye.  S . Rogovenko 

In our previously described experiments we showed that in forming a system 
of four actions (pressing keys arranged in a row on a panel) in the case of a ran- 
dom sequence of two equally probable signals, each of which is connected with 
two specific actions, man applies a method for devising rules for choosing a de- 
cision. In the process of learning such a problem all the test subjects (9 persons) 
first divided their actions into groups corresponding to signals, then established 
working rules within each group for repetitions of signals, and finally set up rules 
of transitions between actions relating to different groups when the signals changed. 
The experiments also showed that people combine transitions in response to the 
same sequence of signals to form a general working rule for the given signal 
combination. 

/97 - 

In learning the problem, each action of the test subject was a repetition of the 
action of the experimenter, who, by triggering a signal, simultaneously "opened 
upff the key on the test subject's panel that corresponded to the predetermined 
program. Thus, a specific program of actions was imposed on the test subjects 
and they had to learn to reproduce it. In view of these experimental conditions, 
the test subjects were not able to display all the capabilities available to man in 
organizing his activity. 

It is well known, for example, that people can choose a specific order 
of actions from several possible ones and can constantly maintain this order. 
Andreas and Miller [4] presented test subjects with the problem of working through 
a word maze, which required them to reproduce several times a given phrase, 
connecting the letters, which were scattered over the page, with a line, always 
in the same order. As the training improved, the test subjects began to choose a 
specific route and the probability that the previous route would be repeated at the 
tenth trial increased to 1.00. There are data testifying to the fact that not infre- 
quently different people choose the same methods of action. In Liberman's ex- 
periments [5] the test subjects were asked to predict how three balls wouldhit three 
squares under the condition that each .ball would hit each square with equal prob- 
ability. The majority of the test subjects made the same assumptions. Of 27 
possible ways the balls might hit, only 2 were predicted with the greatest fre- 
quency: either the three balls would hit one square, or  each of the three balls 
would hit each of the three squares. 

Thus, man can choose some method of solving a problem, probably the one 
most suitable for him, and can constantly stick to it. If one and the same prob- 
lem is presented to a group of test subjects, the majority will make the same 
choices. 
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Continuing our research on the study of complex forms of stereotypic human 
activity, we decided to find out how test subjects would form a system of actions 
in the case of a random sequence of two signals if they are given the possibility 
of choosing the next action from several possible ones. 

For this purpose the test subjects were asked to solve the same problem as - /98 
in the preceding experiments, but not with 4, but 12 keys, arranged 4 to a row 
on the panel. The free choice of one of several possible actions was ensured 
by connecting the keys of each column (three each) in such a way that the response 
would be correct regardless which of them the test subject pressed. The test 
subjects were not told anything about this feature of the panel. 

In this experiment the human problem was considerably more complicated. 
In addition to the fact that the test subjects had to organize a system consisting of 
a larger number of actions (pressing 12 keys), they themselves had to choose 
specific transistions between actions. On the other hand, the structure of the 
panel permitted them to reduce thenumber of actions to four, if they guessed the 
way the keys were connected. 

Thus, the test subjects would have had to reproduce only part of the experi- 
mental program in changing over from one column of keys to the next, and they 
chose the keys and fixed the transitions between them according to their own dis- 
cretion. 

The problem of the given experiment was to study Bow does man form a sys- 
tem of actions when he is capable of freely choosing specific transitions between 
individual actions and how, under the conditions of the given experiment, can people 
reduce the number of their actions. 

METHOD 

We gave a detailed description of the experimental method in the preceding 
communication. Here we will dwell only on those details which were added to the 
method especially for the given investigation. 

The Test Subjects were eleven persons of both sexes, ranging in age from 
16 to 30, volunteers, not having participated in the experiments of the preceding 
investigation. 

The Experimental Setup consisted of two panels. Twelve keys of the inverted 
"Ntt type were arranged four to a row on the test subject's panel. Four keys of the 
same type were arranged on the experimenter's paad; each of &hem was connected 
to three keys on the panel of the t6st subject (Fig. 2,A). With 0& & the keys the 
experimenter turns on a signal on the test subject's panel and &rnultaneously 
ttopens" the column of keys that is connected to this key. The test subject can ex- 
tinguish the signal by pressing any of the three keys s f  the "open" column. 

The program was made up according to the same principle as in the preceding 
experiments. A diagram of the mles by which the given program was set up 
is shown in Fig. 1, B. The working rules for each possible signal combination 
were as follows: 
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A B 

Figure 1. Diagram of the Experimental Arrangement (A) 
and of the Rules for the Experimental Program (B). 
1-Test Subject's Panel; 11-Experimenter's Panel. Circles - 
Keys of the Panel; Solid Arrows - Transitions on the Red Sig- 
nal; Broken Arrows - Transitions on the Green Signal. 

1) when the green signal was repeated several times in succession, i t  was 
required to go in turn from one middle group of keys to the keys of the next 
middle group; 

quired to go in turn from one outer group of keys to the keys of the next outer 
group ; 

2) when the red signal was repeated several times in succession, it was re- 

3) when the red signal was followed by a green signal, it was required to go 

4) when the green signal was followed by a red signal, it was required to go 

from the outer groups of keys to the keys of the adjacent middle group; 

from the middle groups of keys to the keys of the adjacent outer group. 

The instruction issued to the test subjects before beginning the experiment, 
the investigational procedure, the indicators and the learning criteria were the 
same as in the preceding experiments, 

Experimental Results 

The experiments demonstrated that all the test subjects were able to organize 
their actions into a system that corresponded to the experimental program. Since 
the methodological approach we used permitted a free choice to be made of the 
specific transitions between keys, i t  proved possible to combine the results of 
the test subjects and to consider them as mean data for the group as a whole. 

ject. In doing so we singled out two forms of responses - general and exact. 
/loo An analysis of the data was begun by examining the responses of each test sub- - 
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Among the general responses we classified those cases when the test subjects 
completed actions incident to the prevailing signal. For example, in response 
to the red signal they pressed the keys of the outer groups, and on the green signal, 
the keys of the middle groups. Consequently, the general responses contained 
both correct actions, when the test subjects chose keys of the group which corre- 
sponded to the rules of transitions between actions, as well as incorrect actions, 
when they chose keys of another group. 

An increase in frequency of the general responses should have indicated that 
the test subjects found rules which governed the relations between groups of actions 
and each of the signals. Considered to be exact responses were only correct 
actions. An increase in exact actions was taken to indicate how rapidly the test 
subjects discovered the rules governing transitions between concrete actions. Com- 
parison of the results of analyzing the response actions made it possible to divide 
the test subjects into two groups which differed sharply from each other in the way 
the general and exact responses increased. The data are presented in Figs. 2 
and 3. Plotted on the axis of abscissas is the learning level in % of the total number 
of trials; on the ordinate axis is the relative frequency of responses from the 
total number of actions of the test subjects, taken to be unity. The curves in the 
figures show the relations between the general and exact responses for the test 
subjects of the first group (mean data of seven people) and of the second group 
(mean data of 4 test subjects). As is evident from Fig. 2,A, the relative fre- 

0 .92  already at the end of the second period; at the end of the third period it was 
close to 1.00, The exact responses of these test subjects increased more slowly, 
and despite the fact that all the test subjects derived the learning criterion (three- 
fold correct execution of all the moves stipulated by the programin accordance with 
the arrows on the graph), the mean frequency of exact responses in the last period 
was 0.94. Such a relationship between the general and exact responses indicates 
that the test subjects first divided their actions into sets attendant upon each of the 
signals, and then established transitions between individual actions. Shown in Fig. 
2,B,  are both types of responses to repetition of the same signal, and in Fig. 2 ,C ,  
the same responses, but to a change in signals. When signals were repeated, the 
principal increase of both the general and exact responses was observed at the 
start of learning, and in the third period their frequency had already exceeded 
0.90  , reaching, respectively, 1.00 and 0 .99  at the end of the last period. When 
signals were changed, the exact responses lagged considerably behind the general 
ones and their frequency at  the end of learning was 0.89. 

/lo1 quency of the general responses from the test subjects of the first group was - 

In essence, the data of the 1st group of test subjects did not differ fromthe 
results obtained in our preceding experiments, when they formed a system of 
four actions . 

No difference was observed between the general and exact responses of the 
2nd group of test subjects. Regardless of whether we examined the relationship be- 
tween responses as  a whole (Fig. 3, A) or separated the cases of signal repetition 
(Fig, 3, B) or  signal change (Fig. 3, C), both types of responses increased slowly 
and their relative frequencies at  the end of learning were lower than in the test 
subjects of the first group. The data obtained from the second group of test 
subjects reveal that they did not divide their actions into sets relative to different 
signals, but applied another strategy to find rules for the choice of a decision, 
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Figure 2.  Relations Between the General and Exact Re- 
sponses for the Test Subjects of the First Group. 

A-Of all the Responses as a Whole; B-With Signal Rep- 
etitions; C-With Change of Signals. 1-General Responses; 
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Figure 3. Relations Between General and Exact Responses for the Test 
Subjects of the Second Group. Notation the Same as  in Fig. 2 .  

At the same time as  we analyzed the responses of the test subjects we con- 
sidered how many keys they use to organize a system of actions. Even in 
this case substantial differences were found between individual test subjects. 
The data are presented in Table 1, where the following points were entered for 
each test subject: 1) number of keys he used at different learning levels (from 
5 to 1000/0); 2) learning speed (number of trials required to discover the learning 
criterion); and 3) membership in the 1st or 2nd group, depending upon the nature 
of the growth in general and exact responses. As evident from the table, three 
people immediately began organizing a system of four actions. Six people began 
to learn by using 12 (in one case 10) keys and reduced thenumber of keys to 4 at 
various learning levels. 

In addition we attempted to compare the learning speed with the number of 
keys used. If we determine the speed at  which the test subjects occupying the 
first five positions in the table learned, that is, those people who used only four 
keys at the very start of learning, it turns out that one test subject needed 1400 
trials to achieve the learning criterion, another only 80. The learning speeds 
of the other three people were 200,200 and 355 trials. 
88 
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with the learning speeds of the test subjects occupying the last two positions in 
the table, i t  turns out $hat one man learned in 245 trials, the other in 1700. Both 
of them formed a system of 12 actions. These data do not permit us to conclude 
that the number of keys used has any effect on the learning rate. 

The last question we examined was the relationship between the number of 
keys used and between the general and exact responses. In the given case such 
'a  relationship was observed, since all the test subjects who changed to 4 keys 
at the very initial learning levels belonged to the first group insofar as the re- 
lations between general and exact responses are concerned. All the people who 
belonged to the second group either reduced the number of keys at a considerably 
later period or  continued using all the keys of the panel to the very end of learning. 

it was found that there were test subjects in both groups who rapidly organized a 
system of actions and also slowly (80, 200, 600 and 1400 trials in the first group; 
170, 500 and 1700 trials in the second group). Despite this fact, the mean 
learning rate and the mean error for the first group was 3632199, and 7672329 
trials for the second group. We cannot judge the statistical reliability of these 
differences in view of the small number of groups, but i t  canbe assumed that the learning 
rate depends on how the test subjects acquire rules for choosing a decision. 

When we attempted to compare the learning rate of the first and second groups, 
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Analysis of the data showed that if the test subjects are given some freedom 
in choosingactions, they apply different methods of finding rules for the choice 
of a decision. Therefore i t  was necessary to examine two aspects: what rules do 
the test subjects use in organizing a system of actions (do they discover the same 
rules we used to set up the experimental program, or  do they formulate their own 
rules) and attempt to find out what method of search for rules in choosing a de- 
cision the test subjects of the second group applied? 

In our first communication we described in detail how, on the basis of dif- 
ferences in rate of evolving individual transitions, i t  was found that people com- 
bined transitions carried out in response to one and the same sequence of actions 
into a working rule for each possible signal combination. 

In the present paper we used this method to determine whether the test sub- 
jects discovered the rules of transitions we used as a basis in setting up our ex- 
perimental program? For this purpose we determined the speed with which 
transitions between individual sets of keys were involved and compared the dif- 
ferences between transitions combined by a common signal combination (separately for 
each group of test subjects). The reliability of the differences was verified by the t cri- 
terion. The differences were considered to be reliable forP,t0.01. These calculations 
did not reveal reliable differences in the rate of evolution between individual 
transitions for the test subjects of either the first or second groups (0.2 > p-> 0.1). 

Consequently, when people had a free choice of transitions between actions, 
they did not find working rules for each signal combination, but formed a system 
of actions by another method. 

The analysis we made of the data showed that in the process of learning most 
test subjects reduced the number of their actions to four. Having the possibility 
of choosing any of the three keys of each group, the test subjects were able to 
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establish transitions between actions according to their own discretion, using 
other rules. Therefore we decided to find out the keys on which test subjects fix 
their choice. It was found that toward the end of the learning cycle 
subjects began to use the four keys of the upper row, and two chose 
the middle row, The other four fixed their choice on keys of different rows. 
When we examined the paths which they transversed in moving the arm from the 
keys of one row to those of another row, it was found 
scribed, by their motions, so to speak, figures over 
Graphic illustrations of the motions of the arm by a human being are shown in Fig. 
4, which contains a schematic representation of the panel and the keys arranged 
on it. Arm motions executed on the red signal are shown by a solid arrow and 
on the green signal by a broken arrow. Shown in the figure are the motions of the 
four test subjects who fixed their choice on four keys located in different rows 
(I, 11, 111, IV). As is evident from the figure, in transferring their arms from 
key to key they described closed symmetrical figures over the surface of the 
panel. The data of test subject T-a, who organized a system of 12 actions, are 
shown in Fig. 4, V(a, b, c, d, e, f ,  g, h). Despite the large number of transitions 
between various keys, completely symmetrical actions of the test subject were 
observed in this case also. 

t the test subjects de- 
surface of the panel. 

- /lo5 

Figure 4. Schematic Illustrations of the Motions 
of the Human Arm: The Blocks Represent the 
Panel,‘ the Circles Inverted “N” Type Keys. 
The Solid Arrows’Show the Direction of Arm 
Motion to the Red Signal and the Broken Ar- 
rows, to the Green Signal. I, 11, III, IV, V (a, 
b, c, d, e, f, g, h) are the Motions of the 
Arms of 5 Test Subjects Over a Two-Dimen- 

sional Space. 

number of keys. 

These data permit us 
to state that when test 
subjects have a free choice 
of keys on the panel, they 
form a system of actions by 
creating closed symmetrical 
figures over the surface of 
the panel and, in moving 
from one set of keys to the 
next, they describe a sort 
of figure by the motion of 
their arms. 

CONCLUSION 

In this investigation our 
problem was to determine: 
1) how man forms a system 
of actions when he has a free 
choice of one of three pos- 
sible actions; and 2) can 
people in the course of 
learning reduce the num- 
ber of actions if the working 
panel contains an excess 
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In the preceding experiments i t  was demonstrated that when people formulated 
a system of four actions, during the learning process they discovered the rules by 
which the experimental program was set up. In the experiments whose results we 
considered in the present article, the test subjects had to organize a system of 
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4-12 actions under the condition that the test subjects were presented with a free 
choice not only of their own actions (choice of any three keys of each set), but 
also of the transitions between actions (transistion from the keys of one group to 
those of another). 

The experiments showed that under the conditions of the given experiment, 
all the people organized a systemof actions. In analyzing the material, however, 
it was found that one group of test subjects (7 people) was able to only partially 
find rules for choosing a decision. These people divided the entire set of 
their actions into two groups and established relations between each group and 
the pertinent signal. But they were not able to combine the various actions per- 
formed in response to the same signal combination and to find transition rules for 
these actions, After dividing the actions into groups corresponding to signals, 
these test subjects began to use another strategy to find $he correct solution. 
The second group of test subjects (4 people), from the very start of the learning 
process, did not divide their actions into blocks in response to each of the signals 
and formed a system of actions by another method 

Since in these experiments the actions of the test subjects could be executed 
in two-dimensional space and not in a straight line (as was the case when a sys- 
tem of four actions was organized), it was possible to assume that the test sub- 
jects found points of focuson the surface of the panel and formed the system of 
actions as two-dimensional figures. In the investigations of our laboratory [3] 
it was shown that in forming a sequence of actions a human being combines 
individual motor acts into blocks, and if in executing a block of actions his hand 
describes some sort of closed Symmetrical figure on the surface of the panel, 
this block is easier to acquire than blocks of actions which do not form a pattern. 

If the test subject found a point belonging to the outline of the pattern, he filled 
in the rest of the outline by choosing the next points. 

When we analyzed how people transferred their arms when moving from key 
to key and travel sketches of these paths, it turned out that in forming a system 
of actions in two-dimensional space all the test subjects put together completely 
symmetrical geometric figures on the surface of the panel. 

Hence it can be concluded that the dominant factor in organizing a systemof 
actions in two-dimensional space is how to choose actions which will ensure the 
construction of a figure in space. merefore, in our experiments the test sub- 

used a method whereby they found points on the surface of the panel which would 
allow them to organize a symmetrical figure. Having found such points, they 
established transitions which gave shape to the figure. 

/lo7 jects did not discover working rules for each possible signal combination, but - 

The second aspect dealt with the capability of people to reduce the number 
of their actions, During the learning process the majority of test subjects re- 
duced the number of keys they used to four. 

The literature contains data testifying that in the gxecution of motor tasks 
man tends to reduce the number of motions, retaining only the most essential 
actions, Arana and Sokolov [I, 21 studied in man the tactile perception of letter 
imprints or  the discovery of checkers in various area elements of the working 
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space. The authors found that people first felt their way systematically over the 
entire surface on which the letter or checker was displayed and, as  they gained 
experience, began to check only those spots which might be informative. 

Under our experimental conditions, 
positions in a random sequence, it was 
over from a large n m b e r  of actions to a smaller number. Therefore it can be 
said that a feature inherent in man is the reduction of the volume of actions in 
organizing a system. The question as to how he reduces the number of actions 
in solving logical problems connected with the finding of rules for making a choice 
of decisions deserves special attention and may be the subject of a special investi- 
gation. 

two successive signal 
ult to find out how peo 

REFERENCES 

1.  Arana, L .  and Sokolov, Ye.N. Dokl. APN RSFSR, Vol. 4, p. 21, 1961. 
2 .  Arana, L. and Sokolov, Ye.N. N., Vol. 6, p.  101, 1961. 
3 .  Rokotova, N.A. In the Collection entitled Problemy kosmicheskoy biologii 

4. Andreas, B.G. and Miller, L. Perception and Motor Skills; Vol. 20, No. 2, 
[Problems of Space Biology], Vol. 4, p. 631, 1965. 

D. 15, 1965. 
5 .  Liberman, B. Psychol. Repts.; Vol. 13, P. 77, 1963. 

93 



COMPARATIVE SPEEDS AND VARIABILITY OF MOTION 
OF THE FINGERS OF MAN 

I. D. Bogina 

Among the problems of space biology, one of the most vitally necessary is 
the problem of evaluating the effector activity of man. On the state of this 
activity depends the solution of the problem of the relative degree to which an 
automat or a human being will participate in spaceship control. Of extraordinary 
importance are the development and substantiation of tests which will permit oper- 
ative and reliable evaluation, within a short period of time, of human control 
qualities, such as  control of his speed of motion in precise execution of some 
program of actions. 
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However, there a re  still many unexplained aspects. The first relates to 
the maximum speed developed by a human being in striking keys with the fingers. 
The figures cited by various authors fluctuate from 5 - 6 motions per second [51 
to 10-11 [2]. 

The second aspect, which was first examined in detail by Miles, has to do 
with the possibility that there exists a certain range of fixed speeds of human 
motions. Miles' data speak in favor of the existence of distinct classes of rates 
of motion, but must be further clarified, since they contain many cases of over- 
lap. 

The third unclarified aspect deals with correlation of the rate of motion be- 
tween individual fingers of the right and left hands, Goodenough and Tinker 141 
emphasize the good correlation in the speed of motion of different fingers of one 
hand and the poor correlation of fingers of the other hand. Jackson, however, 
cites contradictory data and says that the speed of motion of the ring and little 
fingers is slower than that of the other fingers, while Lunderfold [SI cites data 
testifying that the bioelectric activity of the muscles while typing with the ring 
and little fingers is distinctly higher than that of the other fingers, Thus, the 
problem of correlation insofar as  speed of motion is concerned remains open. 

The aim of the present research reduced to the study of the temporal char- 
acteristics of the motion of each finger of the right and left hands, with the test 
subjects being allowed to freely choose their own speeds ("optimal, tffasttl and 
ttslowft). The motions in mind are striking, with the finger, one of the teletype 
keys intended for the given finger, Each finger struck a key about 100 times in 
succession at each of the above-mentioned speeds. 

The total time spent for each action consisted of the time interval required 
for accomplishment of the task (the pressing time) and that required to lift the 
finger and lower it again (the length of the pause), 

problem. 
This kind of experiment permitted us to examine the following aspects of the 
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1. What are the frequency characteristics of the motion of various fingers of a 
human being at each of speeds set by himself and what are the relations between 
the chosen speeds of the different test subjects. 

2. How do these characteristics vary and to what extent does the variability 
depend on the fingers, the speed, and the personal peculiarities. 

3. Do any distinct differences exist between the self-set speeds of motion ? /109 
4. Is the time interval required to carry out the motion organized or ran- 

dom? 

METHOD 

The motion carried out by the fingers was the striking of keys of an ST-2M 
teletype machine whose keyboard resembled in form, dimensions, and key arrange- 
ment the keyboard of a standard typewriter, Each key of the teletype machine 
has a contact sensor connected to a multichannel loop oscillograph of the N-102 
type. The key notation (letters and numbers) was retained. To the working sur- 
face of the fingernail phalanx of each finger of the test subject we attached an 
electrode (a disk of thin foil, 1 cm in diameter) using BF-6 cement. Thin wires 
led from each disk and were fixed to the back of the fingers and wr is t  with leuco- 
plaster; they were connected to the oscillograph by means of removable lasts, dif- 
ferent ones for each wrist. Each finger had its own channel, 

The records were made on the tape of a multichannel oscillograph at a 
tape speed of 25 mm/sec. 

Contact between the electrode on the finger and the sensor on the key gene- 
rated a rectangular pulse, thelength of which corresponded to the length of con- 
tact with the key; the pulse separation corresponded to the finger lifting and 
lowering time (subsequently referred to as the pause), 

'fie experiment was carried out with 3 test subjects, One of them {V, G, ) 
had completed typewriting school and had experience in typing with all fingers. 
Two test subjects had typed periodically using the thumb, index and middle fingers 
of each hand. 

The instructions informed the test subjects of the problem, which involved 
uniform depression of one key with the finger. They were required to work Ifas 
fast as possible, were allowed to choose the most convenient ffoptimalfr working 
speed, and were asked to slowdown the ffoptimal" rate by a factor of 1.5. The 
instructions gave the order for change of fingers and working speeds, which were 
accomplished on a prearranged signal from the experimenter (thus it was not 
necessary to make an active count of the striking operations), 

The same sequence of change of work speed was applied for all the fingers: 
first the ffoptimal, then the "fast, and finally the "slow . ' I  The experiment be- 
gan with key-pressing operations by the thumb of the right hand at  the ffoptirr,alff 
speed, followed by the same operation with the thumb of the left hand. After both 
thumbs had run through all the working speeds, they were succeded by the index 
fingers in the same order of alternation of speeds and hands, etc. 

- /110 
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The parameters were measured by means of a photoamplifier provided with 
a measuring grid, accurate to within 1 0  msec. Measured were all parameters 
corresponding to length of the pressing actions and to the length of the pauses. 
The following were computed on the basis of the measurements made: 

1) the duration of each motor cycle, equal to the sum of the pause length 
and the pressing time following the pause; 

2) the mean time of the motor cycle, the mean square deviations and the 
coefficients of the variations, and the same for the components of the pauses 
and pressing actions; 

the motor cycle, 
3) evaluation of the distribution of intervals representative of the duration of 

'l-thumb - - - - - - 
2-index 113 220 120 95 123 310 
3-middle 108 215 90 13') 120 303 
'4-rin 99 230 103 125 109 380 
ij-littfe 69 240 loo 140 91 425 

RESULTS 

_ I _  - - - 
100 215 101 615 375 235 
95 210 96 615 250 375 
95 290 I07 610 175 435 

110 315 94 610 170 440 

- 

Given in Tables 1, 2 and 3 are  the mean arithmetic data on the lengths of the 
intervals for execution of motor cycles and their elements, individually for each 
test subject at various working speeds (fast, optimal and slow performance speeds). 
Table 1, which gives the corresponding values for test subject V. G. who differs 
from the others in that she is a professional typist, systematically trained, shows 
the following characteristics: 
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I _ - - -  
105 124 310 
120 118 335 
93 1U5 (105 
75 03 465 

115 
100 
130 
180 

- - -  
fi30 330 
610 305 
G"0 305 
595 315 

- 
203 
225 
275 

l "85 

300 
3\15 
315 
275 

- 
106 
105 
102 
108 

1-thumb 
2-index 
3-middle 
4-rin 
5-littfe 

- 
104 
206 
101 
8 

1) the lengths of the motor-cycle intervals, at  each speed, although they dif- 
fer for different hands and fingers, do not exceed the limits distinguishing the 
various working speeds; 
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2) the smallest differences in length of motor cycles between pressing with 
different fingers and hands at  the given speeds are observed for fast and slow 
work, amounting to 35-40 msec. At the same time, fluctuations in the length of 
motor cycles between individual fingers in the optimal case reach 165 msec; 

3) in comparing the work speeds (at the given tempo) of the individual fingers, 
it can be seen that in the case of fast speed and, in part, of optimal speed, the 
fingers of the left hand lag those of the right hand, but at the slow pressing speed 
this is not observed; 

1-thumb 
2-index 
3-middle 
4-rin 
5-littfe 

4) fluctuations in key-pressing time for the individual fingers differ from the 
magnitude of the fluctuations and distribution with respect to the working rates of 
the entire motor cycle. Thus, at the slow speed, for fluctuations of 35 msec in 
the duration of the cycles, the magnitude of the fluctuations in pressing time was 
200 msec, i. e. , almost 6 times greater than fluctuations of the cycle. At the 
optimal working speed, the magnitude of the fluctuations in pressing time is 
85 msec, i. e.,  one-half themagnitude of the fluctuations of the entire cycle. At 
the fast pressing speed, the ratio of fluctuation of the pressing time to that of 
the length of cycle is 2.2, i. e. , midway as compared with the ratio of pressing 
time/length of the cycle at  the optimal and slow pressing speeds. 

120 225 
138 255 ~~~ 

164 220 
142 230 115 
128 270 115 

Presented in Table 2 are  data on the work of test subject E. F. Let us com- 
pare these data with those of the first test subject. From the data of Table 2 it 
is evident that: 

255 
365 
340 
295 
315 

TABLE 2, Mean Values of the Duration of the Motor 
Cycle and Its Elements (in msec) for Various 

Pressing Speeds (Test Subject E. F.) 
Speeds (mean data) 

Optimal t - Slow 

165 I 154 1 405 I 155 136 575 200 383 
124 620 185 435 
139 720 260 4G0 
117 645 205 435 
113 G95 220 A70 

160 
130 
110 
140 

91 530 I 165 
134 465 130 
135 475 183 
132 530 1 215 

I 

185 
155 
160 
140 
165 

149 450 150 
109 590 165 
137 480 145 
134 503 205 
115 535 225 

305 119 625 
420 72 620 
345 88 760 
300 115 715 
310 115 735 

1. the values of the motor-cycle intervals fluctuate at the same working 
speed, but are  considerably closer to each other than the intervals characterizing 
the other speeds. There is only one case of overlap, when the index finger of the 

170 455 
170 455 
175 590 
195 520 
215 525 

97 

1-thumb 74 265 
2-index 127 245 
3-middle 1 3 ~  235 

Zi%e 122 250 
134 235 

80 
95 
80 

95 
100 



left hand works somewhat slower at the optimal speed than the thumb of the right 
hand at the slow speed. In all other cases the working speeds differ clearly from 
each other in magnitude of the motor-cycle intervals. 

2. The smallest differences inlength of the motor cycles of different fingers 
are observed at the fast pressing speed, amounting to 50 msec; the optimal and 
slow pressing rates yield fluctuations of 185 msec between individual fingers. 

be seen that at the fast pressing speed the left hand does not differ from the right 
one, but the little fingers lag the others. At the optimal and slow pressing 
speeds the left hand lags the right somewhat, but the little fingers do not stand 
out from the rest. 

3. In estimating the distribution of working speed over hands and fingers it can 

4. Fluctuations in pressing time differ from fluctuations in duration of the 
motor cycles, but not so sharply as in the case of the first test subject. At the 
fast pressing speed the magnitude of these fluctuations is approximately equal to 
the magmitude of the fluctuations of the entire cycle, and at the optimal and slow 
pressing speeds they are 1/2 the magnitude of the fluctuations of the entire cycle. 

Given in Table 3 are data representative of the work of test subject I. B. Com- 
parison of the data of this table with the values considered above reveals the 
following: 

1. the  duration of the'motor cycles fluctuates for the various fingers at the 
same pressing speed. But the values of these parameters do not exceed the 
limits of the given speed in any case; 

2. t h e  least fluctuations in duration of the motor cycles of individual fingers 
are observed at the fast pressing speed, amounting to 35 msec, while the greatest 
fluctuations (375 msec) are observed at the slow pressing speed. At the optimal 
pressing speed the fluctuations induration of the motor cycles for individual figures 
are 235 msec; 

3, the relative pressing speeds for fingers of the right and left hands are 
the same at the fast speed. At the optimal speed the left hand lags the right 
somewhat, just as  at the slow pressing speed; 

- m 3  

4. fluctuations in the average key-pressing time for the various fingers dif- 
fer from fluctuations of the entire cycle at the different working speeds. Thus, 
at the fast pressing rate, fluctuations in the pressing time are  60 msec, i.e., 
almost double the fluctuations of the entire cycle; at the optimal pressing speed 
they are also 60 msec, which amounts to 1/4 the fluctuations of the entire cycle, 
whereas at the slow speed they reach 220 msec, i. e., 0.6 the fluctuations of the 
entire cycle. 

The data given in Tables 1, 2, 3, in addition to the already presented indi- 
vidual differences, also\reveal some signs of similarity in the work of all the 
test subjects. Common for all three test subjects are  the following: 

1. \ a  distinct difference between the three working rates, evident in the 
flunctioning of each of the 10 fingers; 
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2-index 
3-middle 

>5-little 
4-ring 

147 195 75 120 
250 190 st) 110 

119 200 135 65 
155 180 115 65 

114 
139 
126 
143 

425 90 
263 105 
425 140 
400 115 

2. the smallest fluctuations in duration of the cycles for the various fingers /114 
at the fast working rate are  40-50 msec; 

340 
155 
255 
m 

3. the absolute values of the duration of the motor cycles for each of the 
given working speeds are close. They fluctuate for the different test subjects 
from 180 to 270 msec at the fastworking speed (4-5 keys/sec), from 285 to 590 
msec at the optimal rate (3.5-1.8) keys/sec) and from 575 to 1075 msec at the 
slow rate (1.8-1 key see); 

cycles at the given working speed, obtained from at least one test subject and 
for one finger. 

These figures characterize the extreme limits of the mean values of the 

104 703 110 585 
139 845 110 745 
105 715 135 55) 
lis 835 140 695 

4. the fluctuations of the mean duration of cycles with the various fingers 
are independent of the fluctuations of a single element of the cycle (the key-press- 
ing operation and the pause). 

In analyzing the key-pressing motions i t  was demonstrated that the motor 
cycle is a better organized (with respect to time) interval than the components 
of its elements [1]. The same question arises when evaluating finger motions. 
An estimate of the independence of the cycle elements is attendant upon the 
following considerations. If the pressing time and the preparatory time for this 
action (the pause) were separate independent parameters, the sum of their square 
deviations would equal the mean square deviation of the entire motion of which they 
are  a part. The appropriate calculations are shown in Table 4. From the table 
it is evident that the mean square deviations of the entire motion at all working 
speeds were considerably smaller than the sum of the mean square deviations 
of the pressing and finger transfer actions. Consequently, the duratiorl of the 

225 10:) 745 175 
355 123 595 120 
205 103 935 tY? 
3'0 70 s31) 135 

99 

571) 
775 
835 
705 

150 35') 
130 445 
149 2S5 
12s 443 
133 400 

130 
95 
SJ 

123 
150 255 , 61 1075 330 I 753 



- /115 TABLE 4. Mean 
Motor Cycle and 

Elements Making 

Fast speed 

1-thumb 
/ 2-index 
3-middle 

5-ii tt fe 
4-rin 

- 
22,5 . 
13,2 

18v5 
16,9 

- 
44.6 
29,9 
43,4 
52,9 

- 
63.4 
57.6 
54,8 
73.7 

11,5 I 

14,4 ' 

,12,4 
14,2 
14,5 

10,o 
10,O 
14, I 
21 ,o 

i 13,s 

14,4 
38.9 
25.9 
73,5 
49,F 

1-thumb 
2 -index 
3 -middle 
4-ring 
5-little 

1- thumb 
2 -index 
3-piddle 
4-rmg 
5 -1i ttle 

1-thumb 
2-index 
3-middle 

45TZfe 

15,3 
13,2 
15,8 
15,9 
17,s 

26,9 
16,8 
28.7 
32,6 
43,0 

13,4 
17,6 
23,3 
88,O 
44,9 

31,4 
33,5 
48,3  
93 ,o 
74.2 

- 
13,7 
14,O 
31,8 
39,1 

- 25,6 40,2 
23,8 26,3 I 45,O 
24.6 47.6 
48,O i:;: 1 34,8 
67,5 36,9 54,7 

23,6 
38.9 
28,5 
28,O 

100 

41,2 
55.0 
70.0 
4" fj - *  

39,4 
18,5 
23,3 
29,5 
33.6 

24*3 I 43*2 
91.7 
37,8 26,2 43,9 
27,4 22 ,G 50,U 
58.8 26,9 
76,2 25,3 

' 16,3 
%,I 
19,s 
28,3 

31,5 
75,G 
40.6 
79.5 

- 
57,4 

48,s 
51,3 

4? ,9 

- 38,5 55.2 
141,O 30,9 67.5 

92.8 30,9 55,7 
134,5 3s,3 62,0 

148,O 57.5 103,O 

' 29,2 
102 ,a 
97, I 
95.3 

13,G 

5 3 ,  ft 
125.0 
115.1) 
113,0 
144,o 

29,6 
61,5 
47,9 
83,6 

195,4 

44 ,o 
100,O 
87 ,0 

107,G 
339,O 

1-thumb - - 32, I 
2-j.ndex 53,7 118.0 28,s 
-middle 51,4 136,O 31,l 

f-rlng . 43,8 134,O 40,G 
5-little 41.0 159,O 32,2 

47,3 
62,8 
60,7 
68,O 
60,9 



action and the duration of finger transfer are  not independent quantities and we 
have a right to estimate, as  the unit time of motion, the time from the instant the 
finger is lifted, after completing one pressing action, to the end of the next 
pressing action, i. e., the duration of the motor cycle. 

The time characteristics we obtained for finger motions at the fastest 
working speed, devoted as  the "fast" mode, permit us to state with confidence 
that there exists a specific mode which is common to all our test subjects. The 
time characteristics of motion in the fast mode are  presented in Table 5. 

1-thumb - - - 
2-index 113 220 22,s 
%middle 108 215 13,2 
4-ring 100 230 16,s 
5-little GD 240 18,5 

tight hand 

38 255 14,4 1 147 1% 
64 220 12,4 5 , 6  150 191, 

28 270 14,5 5 , 4  120 , 2(JO 

211 255 11,s 124 191 

42 230 14,2 6,2 18.) I 5 5  

Left han 
1-thumb - - - - 74 265 
2-index 104 245 22,5 9,2 127 245 
3-middle 106 255 26,6 10,4 136 235 
4 4 %  101 250 29,5 11,8 134 235 
5-little 88 250 30,l 12,3 122 260 

,Note: Commas represent decimal points. 

15,3 5,8 117 200 
13,2 5,4 145 195 
15,8 6,7 129 195 
15,9 6,7 125 210 ' 
17,8 6,8 1 103 175 

The greatest differences between the time of execution of motions by the 
fingers of one hand did not exceed 50 msec for any of the test subjects. For 
example, the key-striking time for the middle finger of the right hand of test subject 
E. F. was, on the average, 220 msec, while the time for the little finger of the 
same hand was 270 msec. But these differences could even be smaller; for 
instance, the thumb, index, and middle fingers of the right hand of test subject 
I. B. were characterized by the same value (190 msec), while the ring and little 
fingers differed by 20 msec. The times of motion of the fingers of the left hand 
of test subject V. G. were completely identical. 

In two test subjects we observed almost complete agreement in time of mo- 
tion of the same fingers of the two hands; the differences did not exceed the limits /117 
of one (1. In the third test subject these differences reached2a in only one case. 

The fast rates chosen by the different test subjects also were in good agree- 
ment with each other. The rates of two test subjects hardly differed and their 
mean values were 240-250 msec. The third test subject worked somewhat faster, 
at an average speed of motion of 190 msec. The fastest key-striking speed 
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reached by our test subjects was 4-5 keys/sec. These values are  in complete 
agreement with the data of Fenn [3], , who considers the natural period of the 
index finger to be 4 cycles per sec, and differ but little from Jackson's results 
,[5]: whose test subjects pressed at a speed of 5-6 keys/sec. 

pleted in 30-40 sec. In Jackson's experiment the values for the average speed 
of motion were obtained from the number of strokes made in 10 sec. However; 
this does not explain the somewhat slower speeds of our test subjects since the 
pressing speeds remained constant over the entire key-pressing time. 

The mean key-striking time in our experiment was typical of motions com- 

The mean durations of the motions at the fast working rate were characterized 
not only by the very similar working speeds of the various fingers and test sub- 
jects, but also by the relatively small amount of variation characterizing each 
finger. Very high fluctuations were observed only in the work of the ring and 
little fingers of the left hand of test subject I. B., who had experience in typing 
with the thumb, index and middle fingers, The coefficients of variation repre- 
sentative of the work of the other fingers were 5-11%. 

l - thwb  - - - 
124 310 18,5 
118 325 23,3 
105 405 29.5 .I 93 4% 33,s 

The time characteristics of the motions of fingers at the optimal rate are 
presented in Table 6. This rate was chosen by each test subject as the most 
comfortable. 

- 149 450 24,4 5,4 
6,O 109 590 26,2 4,5 
7,2 i37 48J 22,6 4,7 
7,3 134 53i 26.9 5,4 
7,2 115 535 25,3 4,7 

In comparing the characteristics of the duration of the motions, it is evident 
that the difference between the speeds of motion of the various fingers of one hand 
was 125-160 msec for each test subject. 
to single out three motions of the fingers of each hand that were almost identical 
in time, but only two for the other test subjects. 

In test subject V. G. it was possible 

350 
445 
285 
'445 
400 

TABLE 6. Time Characteristics of Finger Motions at 
the Optimal Pressing Rate 

Test subjects 

16.3 
29,1 
19,8 
28,3 
35,2 

i5i4 
130 
149 
127 
133 
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The agreement between the rates of motion of the same fingers of both 
hands was fairly well maintained at this working speed also. The differences 
between the mean speeds of motion of the same fingers were considerably less 
than the difference between the fingers of the same hand, and only in one case 
did they reach 60 msec. In all the pairs we compared there was a slight (15-30 
msec) predominance in the working speed of the fingers of the right hand. The 
average pressing speeds of test subjects V. 6. and I. B. were 300-450 msec, 
and of test subject E. F. this was 450-600 msec. 

l-thumb - 
2-index 106 
3-middle 105 
4:rihf 102' 
5 1 tt e 108 

At this rate the amount of variation in the work of each finger was slight. 
The coefficients of variation were within the range of 4-9%. Considerable 
fluctuations were observed only in the work of the middle finger of the right hand 
of test subject I. B. ; the pressing speed of this finger was considerably greater 
than that of the other fingers in working at this rate. The coefficient of variation 
of this finger was 15%. 

- - - 119 675 32.1 3,s  IO! 
630 53,7 8,s 72 673 28,8 4,6 123 
610 51,4 8,4 88 'i6J 31 , l  4.1 108 
620 43,8 7 , 0  115 715 47.6 5.5 7.1 
595 41,O 6 , 8  115 735 31,2 4 , 4  61 

Time characteristics of finger motion at the slow rate. The test subjects 
were obliged to work at a speed lower by a factor of 1.5 than at the optimal rate. 
The characteristics of the pressing speeds are  given in Table 7. In pressing keys 
at the fast and optimum rates we observed working characteristics which were 
common to all the test subjects. The pressing speeds at the slow working rate 
required a separate description for each test subject. 

744 
895 
955 
831 

1075 

TABLE 7. Time Characteristics of Finger Motion at the 
Slow Pressing Rate 

Test subjects 
I.B. 
h- 

Right h.and - 136 575 38,s 6,7 103 710 29,7 4 . 1  
'2-index 100 615 57,4 9 ,3  124 625 3J,9 5 ,0  lU4 7iJ3 102,8 14,8 
3-middle, 96 615 42.9 7,O 139 720 57,5 8,2 139 815 97$ 11,5 

107 610 48,8 8,O 117 645 30,9 4,8  IlJ5 715 95,3 13,3 
94 610 51,2 8,4 113 695 38,3 5,s 112 835 jl'L8,6, 15,4 

,1-thumb - - - 

4-rin 
5-litte 

39,6 4.0 
61,s 6,9 
47,9 5,U 
83,6 10,O 

195,41. 18,1 

Complete agreement with respect to time of pressing of all fingers was 
observed in the case of test subject V. G . ,  and, therefore, of course, there was 
agreement between the characteristics of the same fingers. The speed she 
chose was 610-620 msec per cycle; in the mean, the ratio of this speed to the 
speeds of the optimal rate was 1.65:l. , 
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The differences in speed of motion between the fingers of each hand reached 
140 msec in the case of test subject E. F. We were able'to single out two fingers 
of each hand which pressed at similar speeds. The pressing speeds of the index 
fingers agreed completely; there were differences between the repaining identical 
fingers, approximately equal to one a The mean ratios of the values of the slow 
rate to those of the optimum were 1.35:l  for each test subject. 

The differences between pressing speeds for the fingers of the right hand of 
test subject I. B. were 145 msec, while the differences between the thumb and 
little finger of the left hand were 330 msec and the duration of the cycles fluctuated 
in the range 745-1075 msec. 
characteristics. In the work of the otheridentical fingers there was no agreement, 
and the fingers of the left hand worked considerably slower than the same fingers 
of the right hand. 

There was relative agreement between the thumb 

The amount of variation in the work of each finger was also different for each 
test subject. The coefficients of variation of test subject V. G. fluctuated in the 
range 8-10%; those of test subject E. F. were very small, remaining within 3.5- 
8% at this tempo also. The coefficients of I. B. fluctuated from 4-18%. The mean 
length of the cycle over the entire run of pressing actions by the index and ring 
fingers of both hands and by the middle and little fingers of the right hand of test 
subject I. B. and also of the middle finger of the right hand of E.F.  was not con- 
stant; rather, we were able to observe two average values of the cycle. During 
the first 30-70 motions the test subjects worked at a faster speed. For example, 
the Fverage length of the cycle of motion of the little finger of I. B. was 835 msec 
with a coefficient of variation of 15.4%. However, the first 60 key-striking actions 
were executed at a speed of 725 msec with a coefficient of variation of 8.5%, and 
the next 50 motions at a speed of 945 msec with a coefficient of variation of 7.3%. 

/120 

The degree of variability of the work of the various test subjects agreed to 
some extent with the relative duration of the elements of the motor cycle. Shown 
in Table 8 are the ratios of the length of the pressing actions to the total length 
of the cycle at each working rate. 

The relations between the length of the pressing action and the length of the 
entire motion, equal to approximately 0.3-0.4, remained constant for test sub- 
ject E.F.  at all the working rates. Consequently, variations in the working rate 
of E. F. stem from uniform acceleration or  deceleration of both the length of the 
pressing action and the time of finger displacement. At the same time, this 
test subject was observed to have the most constant working speeds for each 
finger and the smallest coefficients of variation. 

A distinct reduction in the relative pressing time at the slow speed is observed 
in the case of test subject I. B. , whose coefficients of variation were very high. 
The average values for the pressing time at the optimal and fast speeds were the 
same and increased only slightly at the slow rate, whereas the total time of the 
cycle rose by a factor of 2-3, i. e. , the working speeds always changed as  a re- 
sult of a change in the finger-transfer time. 

There was a clear decrease in the relative pressing time at the optimal rate 
in the case of test subject V. G. ; it amounted to 0 .3  of the length of the cycle, 
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1-thumb - - 
3-middle 0,42 0.53 
4-rin 0.43 0,66 

2-index 0.55 0.57 

5-littfe 0,42 0,72 

Obviously, the more stable speed is attendent upon the capability of main- 
taining constant relations between the elements of the cycle. 

The degree of variation in the intervals during which the motor cycles were 
completed is of interest not only from the standpoints already considered, but 
also insofar as the aspect of methods of controlling the speed of motion is con- 
cerned. In the work of Rokotovi [l] i t  was shown that the uniformity of hand 
motion (key pressing motion) in solving a specific motor task is based on a cen- 
tral interval-generating ,mechanism for the execution of the motor cycle. By 
analyzing histograms of the distribution of motor-cycle intervals good agreement 
was found with the model proposed by McGill, which describes the operation of a 
rhythmic mechanism specifying intervals and working under noise iconditions. 
These datawere obtainedfor the case of a complex motor problem and the use of 
the entire wrist as the effector mechanism. In carrying out the present work, 
we checked the suggestion that the interval-generating mechanism is most clearly 
manifest when such a simple motor problem is completed as repeatedly striking 
the same key and when using such a simple motor act as the participation of one 
finger of one hand in simple coordination activities. 

In order to solve this problem we compiled histograms of the distribution of 
time intervals during which individual motor acts (motor cycles) were carried 

0,38 0,30 0,47 0,55 

0,3U o,% 0.42 0,45 
0,29 0.26 0,62 u,55 
0,25 0,21 0964 0'62 

0,38 0,39 0.38 0.47 

105 

1-thumb - - 
2-index 0,32 0,37 
3-middle 0,32 0,31 
4-ring 0,25 0,32 
&little 0,26 0,39 

0.36 0.31 0,35 0,37 
0.38 0.39 0,21 0,31 
0.42 0 3 3  0,43 0,28 
0,s 0,42 0,33 I ) ,  28 
0,43 0,37 0,31 0,37 

1- thumb - 
2-index 0,61 
3-middle 0,41 
4-rin 0,28 
5-littfe 0,28 

- 0,35 0.27 0,21 11 ,3:3 
0,52 0,313 0,27 V,16 11, I4 
0,53 0,41 0 2 3  0,13 0,13 
0,49 0,32 0.27 0,19 O,l5 
0,53 0,32 0,29 0,17 @,33 



out for all the above-described cases. Presented in Fig. 1 is the distribution of 
the duration of motor cycles of test subject E. F.  for the work of the middle finger - /122 
of both hands at the three working speeds. 

I n m 

200 400 6Do 800 msec 
Figure 1. Distribution of the Duration of Motor 
Cycles for the Middle Finger of Both Hands of Test 

Subject E. F. : 

1,2-For the Right and Left Hands at the Fast (I), 
Optimal (II) and Slow (111) Working Speeds. 

Deserving of attention is the varying nature of the distribution at the dif- 
ferent working speeds of the same fingers and the completely similar nature of 
the time distribution of finger motion of the hands at the same working speed. 
The histogram for the fast key-pressing rate consists of one interval in which 
85-95% of all cases fall,  i. e. , almost the entire spread of values for the intervalst 
amounts to 40 msec. Moreover, the value of the peak of the distribution histo- 
gram (200-240 msec for the right finger and 210-250 msec for the left) com- 
pletely describes the tinre of a motor cycle at the fast pressing speed. The 
,distribution of motor-cycle values at the optimal pressing speed has a somewhat 
'more diffused nature, although it  does not change in its essential features (in 
particular for the right finger). Let us consider the histogram of the right finger, 
The peak distribution interval (460-500 msec) is very sharply pronounced and takes 
in 73% of all intervals; the intervals close to the peak one take in 8 and 13% of the 
intervals and together with the peak interval completeiy describe the distribution 
of these values. 

The histogram representative of finger operation at  the slow speed has 
essentially a different character, The first thing that strikes our attention is 
the presence of two peaks for the distribution of cycles of the right finger, which 
reflects the fact described above, relating to the change in value of the motor 
cycle at the slow working speed durhg one and the same execution of this cycle. 
Furthermore, the histogram reveals the absence of a sharp peak. The values of 
the intervals are  distributed in the range 560-850 msec. Even a rapid survey of 
the histogram shows that here we are  dealing with a process different from the 
ones governing the fast and optimal speeds. The process is of a more random 
or, perhaps, inhomogeneous character. 

/123 - 
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Let us proceed to,evaluate the histograms in connection with evaluating the 
process on which uniformity of execution of the motor cycles is based, The 
calculations made by N. A. Rokotova [l] on approximation of the data to the normal 
distribution and to the distribution of the Laplace func ompound function con- 
sisting of regular and random components) led to spe alues for the param- 
eters, making i t  possible to relate the experimental data to one or the other of 
the distributions. It turned out that the primary parameters were the peak dis- 
tribution intervals and the intervals closest to Lhem (for the case when the size 
of the interval is tied in with the value of the mean square deviation and to that 
of the arithmetic mean). 

It was found that the following relative frequencies of occurrence correspond 
approximately to the normal distribution: 36% for the peak interval, about 24% 
for the intervals closest to the peak interval; 50-60% of the values in the peak 
interval will correspond to the Laplace distribution and 15-20% in the adjacent 
intervals. The peak interval of the optimal speed covers 76% of all values for 
the right finger and 53% for the left fi'nger. If the histograms are evaluated on 
the basis of the magnitude of the interval that corresponds to the mean square 
deviation, the peak of the distribution for the right finger turns out to fa l l  within 
the interval of 451-470 msec and takes in 53% of all values; the adjacent intervals 
of 431-450 msec and 471-490 msec cover 18 and 15% of the values, respectively. 
In the given case, therefore, we are dealing with a distribution of values which 
are not random, but which reflect the presence of a regular (given) component, 
in conformity with McGill's model. In order to evaluate the distribution at 
the fast rate of work let us draw on the values for the relative frequency of 
,occurrence to present the histogram with the magnitude of each interval that 
corresponds to the mean square deviation (12.5 msec for the right finger and 
15 msec for the left). It turns out that 54% of all values is covered by the peak 
interval, which is, of course, less than the ratios given in the figure, but is 
considerably closer to the distribution of the Laplace function than to the dis- 
tribution of the normal (random) function. 

Insofar as the distribution of values at the slow speed is concerned, we did 
not succeed in establishing such clear relations that we could consider the dis- 
tribution of these intervals as specified. 

/124 Thus, from the data we obtained on simple striking of one key by a single - 
finger we can derive information on methods by which the time characteristics 
of motion are controlled. We believe that these data provide a number of proofs 
in favor of the viewpoint expressed by Spivack and Levine [ 8 1 and others that the 
time intervals for execution of motions are specified by mechanisms of the hu- 
man central nervous systemc Among these proofs we consider the following: 

1. the great similarity in value of the intervals for all fingers at each given 
working speed testifies to the possibility that the process is based on a single 
fixed prescribed interval; 

2. the distinct differences between the average values of the intervals at 
the various working speeds indicates that the working speed is tied in with some 
interval that is fixed for the given speed; 

at the fast key-pressing rate; 
3. the extraordinary uniformity of the motor-cycle intervals, especially 

107 



4. the character of the distribution of the fast and optimal pressing rates, 
as represented in the histograms. 

The experimentally obtained data testify to the high reliability of the experi- 
mental approach we used and may serve as a basis for'evolving a test which will 
evaluate the work efficiency of a human operator. 
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EFFECTOR ACTIVITY OF A HUMAN BEING IN 
FIXING PERFORMANCE TIME 

I. M. Gorbunova and N. A. Rokotova 
with Assistance from Z, P. Pavlova 

Among the tests for evaluating the functional capabilities of a human being 
on board a spacecraft animportant role belongs to tests connected with monitoring 
operations. Good control of a spacecraft and the situation is possible only on the 

medium andinonelsown activities. Hence, the value of research into the capa- 
bilities of man as a servosystem is clear. Given in the present paper are data 
on the operation of a human being under given time conditions. As will be shown, 
under such conditions man operates as a system which accomplishes a two- 
dimensional monitoring operation: of the given time and of the speed of his own 
actions. The methods applied in this research can be used as tests to evaluate 
the efficiency of a human operator as a servosystem. 

basis of a continuous and precise evaluation of information on changes in the - m 5  

The speed of motion is one of the essential variables of the effector activity 
of a human being: Speed is one of the components which determines the efficiency 
of execution, and therefore analysis of the mechanisms that regulate speed is 
important for an evaluation of human activity. There is another aspect which is 
in need of special consideration. This is an aspect incident to representation of 
time by a human being and to human activity to be accomplished within fixed time 
intervals, 

Speed of motion (tempo) is a variable which involves the time and number of 
motions o r  individual motor acts. It can be defined both in terms of the numbers 
of motions within a certain unit of time as  well as in terms of the time spent in 
accomplishing a certain fixed number of motions. A convenient representation 
of speed is the time interval within which a motor cycle is accomplished, since 
the interval will decrease as  the speed increases. Such a representation is con- 
venient because, on the one hand, it yields a criterion for the speed of motion 
and, on the other hand, i t  introduces the problem of time estimation into the 
scope of examination. 

At the present time there are  two ,opposing viewpoints as  to the mechanism 
by which time is perceived and estimated. A number of investigators believe 
that estimation of time intervals is tied in with the perception of external signals 
[l, lo]. ' ho the r  group of investigators suggest that time estimation is based on an 

interval process of generating intergds [ll, 141. In connection with the latter 
viewpoint, of great importance is the study of the natural effector activity of man 
within the estimated interval. The possibility of representing the human speed 
of motion in terms of time intervals paves the way for the assumption that speed 
of motion participates in time estimation. 

All  that has been said clarifies the meaning of the research into the effector 
activity of man within fixed time intervals as  presented in the present article. 
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The subject matter of the experiments consisted in the repeated execution by 
test subjects, within a time interval fixed by the experimenter, of a thoroughly 
learned sequence of actions (pressing keys on a panel in a strict order) con- 

such an experiment can be formulated as  follows. 
/126 sisting of 24 individual motor acts. The questions which may be answered by - 

1. Inasmuch as the work to be done by the test subject is attendent upon a 
fixed overall completion time, he will have to keep track of the prescribed interval, 
How accurately can he do this? 

2. Since the time of completion of a single motor cycle is not prescribed, 
we are not sure whether it is random or is fixed by the test subject himself. 

3. If errors a re  made in keeping track of the interval, the question is what 
are  their qualitative characteristics so as  to determine the probability of esti- 
mating and compensating for them. 

4. What is the character of compensation of errors committed in keeping 
track of the interval and is this character connected in some way with the speed 
of motions (the length of the interval during which a motor cycle is completed)? 

METHOD 

A detailed description of the experimental arrangement, of the principles on 
which the motor problems were based and methods of analyzing the results has 
been given in the preceding publications {4 ,  5, 6, 71. 

The main portion of the present paper is devoted to studying the accomplish- 
ment of a series of actions with the time specified. In complementary experi- 
ments a study was made of the execution of a series in a given time, with the 
test subjects themselves estimating the errors,  and of the distinction made by the 
test subjects in the prescribed intervals. 

In the main series of experiments 15 test subjects ofbothsexes, volunteers, 
aged 18-45, with high-school or college educbtion, participated. 

The problem consisted of 24 sequential depressions of 8 keys on a panel. 
The order of actions was organized spatially taking into account the predetermined 
facts of grouping of individual actions. The order proposed in this study allowed 
for the possibility of organizing blocks of 3 o r  6 actions. If the keys of the panel 
are numbered 

1234 
5678, the problem can be written as 
1 5 6 4 8 7 3 2 7 2 3 6 8 3 4 5 2 1 7 6 1 6 7 4 .  

Experimental procedure. The test subject was informed of the key numbering 
system and received a sheet of paper on which the problem was written down 
numerically. Within 20-30 min the test subject learned by himself, from the 
paper, to reproduce the prescribed order of the actions from memory. After the 
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problem had been learned, the paper was taken away and the test subject was re- 
quested to execute the series at  a rate of speed convenient to him. The experi- 
menter determined the average time of completion, and then this interval was 
used as a fixed time for completing the learned sequence of actions. The experi- 
menter gave the signal to begin work by flashing one of the lights on the panel. The 
signal for the end of the time interval was given by flashing another light. The 
test subjects executed the sequence of actions 30-100 times. 

&7 

The instructions informed the test subject that is was necessary to complete 
the learned series of actions within the time interval, which was delineated by 
two light signals. The start of the last (24-th) motion (key-pressing action) must 
coincide with the start of the last signal. 

The experiments with the test subjects evaluating their own errors (4 test 
subjects) were carried out under the same conditions, but with the additional 
instruction that the test subject was to evaluate the accuracy of his work each 
time he had completed a sequence. The statements were to be ffearlierlT if  he 
beat the terminating signal, "later" if he did not succeed in finishing within the 
appointed time, "exactly" if  he considered that the start of the last action coin- 
cided with the work termination signal. The responses were recorded, 

Indexes. The execution of the learned series of actions was recorded on the 
tape of a loop oscillograph at a tape speed of 4-10 mm/sec; when the tapes were 
examined with a photoamplifier, i t  was possible to evaluate the time intervals 
with an accuracy of 50-20 msec. 

In analyzing the tapes we measured the time intervals, which made it possible 
to get a complete time scan of the process of executing a sequence of actions by 
the following scheme: 

1 

Latent 
period- 
time 
from the 
initia- 
tion of 
the start 
signal by 
the ex- 
perimen- 
ter  un- 
til the 
test sub- 
ject start- 
ed his 
first press- 
ing ac- 
tion 

2 

Dura- 
tion of 
the 
first 
press - 
ing 
ac- 
tion 

3 
Pause 
be- 
tween 
the 1st 
and 
2nd 
press- 
ing 
action 
(hand 
trans- 
fer 
time) 

4 
Dura- 
tion of 
the s e  
cond 
press- 
ing 
action 

- ... 
... 

47 
Pausc 
be- 
bee r  
the 
23-rc 
and 
24th 
ac- 
tion 

48 
Dura- 
tion ol 
the 
24th 
ac- 
tion 

49 
Total 
time 
of 
com- 
ple- 
tion 
(sum 
of 
Nos 
1-47: 

50 

Erro r  (time 
discrepancy 
between the 
beginning 
of the 24th 
action and 
the issu- 
ance of the 
2nd signal 
by the ex- 
perimenter 
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The measured intervals were calculated by row, each consecutive row cor- 
responding to the next repetition of the sequence of actions in turn. Comparison 
of the magnitude and sign of the errors in each two adjacent rows of column 50 
made i t  possible to determine whether there was error compensation relative 
to the prescribed time interval and how large the compensation was. 

/128 - 

Pairwise comparison of the values for the duration of the intervals in adjacent 
rows of columns 1-48 permitted determination of the distribution of the magnitude 
of the compensation over the entire time it  took to complete the problem. 

The difference in the prescribed time intervals was investigated for three 
test subjects. 

Experimental procedure. A light was turned on in front of the test subject, 
sitting behind the panel, for a definite period of time (from 4-36 sec). The dif- 
ferences in the duration of the successively generated intervals were 1,2,4,8, 
and 12 sec. The signals were supplied with an interruption of about 1 sec. 

The test subject was requested to note the duration of the signal and to com- 
pare the duration of the prevailing interval with the preceding one. The estimate 
was announced with the words: "faster, "slower, o r  "the same. The instruc- 
tions stated that i t  was not permitted to consciously count the time o r  to do any- 
thing else that would resemble such an action. The experiment was recorded 
continuously. 

EXPERIMENTAL RESULTS 

Magnitude of Errors and Degree of Their Compensation 

In the main experiments 15 test subjects first solved the problem of keeping 
track of an interval. Each test subject repeated a sequence of actions in a given 
interval from 30 to 50 times. 

In the secondary experiments 4 test subjects participated, each having 
experience in accomplishing the task of keeping track of an interval. Each re- 
peated the sequence 90-100 times. In addition, in these experiments the test 
subjects had to make an estimate of how accurate their work was. Obviously, 
this facilitated a more effective solution of the interval monitoring problem. In 
this case the test subjects worked more accurately. 

Of the 366 cases of repetition of the sequence in the secondary experiments, 
i t  was observed that errors,  or deviations from the prescribed interval, were 
absent in 13 cases (3.6%). In 69 cases (18.9%) the error (on the lead o r  lag side) 
did not exceed 100 msec. 

The mean value of the deviations from the interval was 260 i- 11 msec, which, 
in view of a specified of 13,OO-1400 msec, does not exceed 2% of the error level. 

In the main experiments (without estimating errors) tracking of the interval 
was less accurate. Given in Table 1 are data on the error distribution in this 
case (summed over the group of test subjects who completed the problem with a 
given interval of 15,000 msec; 8 people). 
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/129 From the table it is evident that the greater portion of the errors (more - 
than 60%), for both cases, lead and lag, lie within the range of 200-600 msec. 
The mean error for the case of lag was 726 msec, and for the case of lead i t  
was 681 msec. At the given interval of 15,000 msec the average error  was 4.8- 
4.5%. 

TABLE 1. Relative Rate of Occurrence of Errors of 
Either Sign and Values for an 8-Man Group 

of Test Subjects 

Lag., . ... . ~ 294 0.14 0.13 0.07 0.05 0.10 
Lead.. . . .. 195 0-17 11-09 0.07 0.09 0.14 

Shown in Fig. 1 is the course of the interval-monitoring experiment for 
one of the test subjects. As evident from the figure, a continuous search is made 
during the experiment, with fluctuations on both sides of the interval. The extent 
of the fluctuations is relatively small; the majority of the deviations are compen- 
sated for in the next step (a deviation to one side alternates with a deviation to 
the other side). The shape of the curve is highly reminiscent of the fluctuation 
curve for an error-compensation feedback system. 

In connection with the fact that the sequence of actions executed by our test 
subjects consisted of 24 uniform motor cycles and that the time of completion of 
the entire series, and not of only one cycle, was specified, we might ask what is 
the character of the distribution of the total time between individual cycles in the 
sequence of actions? We examined this question in [4]. In that investigation, in 
parts, we presented data obtained in experiments of the 1st series of the present 
report. 

It was found that the overall time of fulfillment of a sequence is distributed 
uniformly over all 24 actions. In view of this fact it was conjectured that the uni- 
formity of execution of a sequence of actions is governed by the operation of an 
internal generator which controls the time of completion of a single motor cycle. 

A corollary of this hypothesis, which was confirmed in our experiments, is 
the argument that monitoring of a specified time interval must be attendant upon 
some sort of adjustment of the interval generator which controls the time of a 
motor cycle or, in other words, time is monitored by searching for the frequency - /130 
of motion and monitoring this frequency. 

The term "time monitoring" was introduced by M. A. Alekseyev [2] for cases 
when man must accomplish a certain task within time intervals controlled externally. 
Under such conditions, which prevailed in our experiments also, each person was 
required not only to accomplish the necessary actions in a required order, but 
also to space them out over a specified time interval in such a way as to cover the 
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msec interval. It is only natural 
i5000 that in carrying out this task 

it is necessary somehow to 
14000 keep track of the time. It 
I3000 is possible to find out 

precisely how this process /131 
12000 is done by investigating the 

time-error compensation 0 
5 .  10 /5 20 25 30 35 40 45 50 55 60 process. We carried out 

such an investigation by 

- 

Sequence of actions, numerical order 

Error 

pairwise comparision of all 
when an appreciable 

decrease in error  was ob- 
served in the repetition fol- 

Figure 1. Monitoring of a Specified Time Inter- 
val (Test subject P-v). Horizontal Line-the 

Specified Interval (13 , 000 msec), 

Magnitude of the errors,  msec 

e o  201-400 4of--610 601-803 801--1000 1001-~2oo 12001-2000 Total I I I I  I I I '  

lowing the one in which an 
error was committed (the test of "appreciable" was a decrease in error of 2 30% 
its magnitude). 

105 43 37 20 14 33 

70 71 70 
15 7 6 

No. of cases 
Compensa- 
tion, % . . . 
Aggravation,% 

Given in Table 2 are the composite data characterizing the dependence of the 
compensation rate on the magnitude and sign of the error for the group of test 
subjects who participated in the principal experiments. 

294 

41 17 

Aggravation,% 42 21 34 17 

Compensa- 
tion, %. . , . . 30 55 47 53 , 

Presented in Fig. 2 are curves demonstrating the dependence of the mag- 
nitude of the compensation and of the aggravation of the error on the magnitude of 
the error. 

14 18 26 195 

50 83 81 
21 6 4 

As evident from the table and figure, there is a distinct relationship between 
the magnitude of the errors and the degree of its compensation. Clearly evident 
are three zones characterizing the degree of error compensation: deviations of 
less than 200 msec are practically uncompensated; deviations of 200-800 msec 
for the case of lag and of 200-1000 msec for lead are compensated in approximately 
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half the cases (zone of partial correction); deviations exceeding 800 o r  1000 msec 
are compensated' in the majority of cases (zone of satisfactory correction). A 
decrease is observed inthe number of cases of error aggravation as  the number 
of errors increases. 

Figure 2,  Probability of Compensation (1) or  Aggravation 
(2) of Error in Completing a Sequence of Actions a s  a Func- 
tion of the Deviation from the Specified Interval in the Pre- 

ceding Repetition for the Cases of Lag (A) o r  Lead (B). 

Thus, the phenomenon of error compensation in related to the magnitude of 
the deviation from the specified time. On the other hand, the character of the 
curves showing an increase in the number of compensated errors for errors of 
different sign (lead and lag errors) reveals a distinct similarity and indicates 
that the phenomenon of error compensation does not depend on the sign of the 
error. 

/132 Character of Error Compensation - 
Since we have no knowledge whatever of the distribution of error compensation 

over the time of completion of a sequence, of the dependence of this distribution 
on the sign of the error, or  on its magnitude, we attempted to examine this 
question from these viewpoints. Given in Table 3 is an analysis of 240 cases of 
compensation (all cases where the error was sufficiently large and its compen- 
sation was complete and distinct); the method of pairwise comparison of intervals 
was used to establish the differences representing a measure of the extent to 
which individual time segments of the sequence participated in compensation. 
Considered in the table are the dependence of the character of the compensation 
on the sign of the error and the three methods of compensation to which all the 
the examined cases reduced. Special attention was devoted to the differences in 
the first time segments of completion of the sequence. 

The reason why we proceeded in this fashion was that we expected two possible 
analytical results: 

1) error compensation is accomplished as a result of a difference in latent 
period o r  in the initial time of completion; the overall tempo of completion will 
not be changed (the case when the internally controlled interval does not take on 
a new value); 
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2) error compensation is uniformly distributed over a large number of 
motor cycles (the cases when the internally controlled interval takes on a new 
value). 

From Table 3 the following is evident: 

1) the character of the compensation and its distribution are approximately 
the same for errors of either sign; 

2) the latent period and the start of execution of a sequence are not the 
most responsible for compensation of the execution of a sequence by sections; 

3) error compensation is uniformly distributed either over the entire period 
of the sequence o r  over approximately half the period of the sequence; 

4) half of all cases are made up of compensation uniformly distributed over 
the entire sequence of actions. 

It must be noted that the sum of the differences in the intervals given in each 
row is less than the total magnitude of the compensation, since values represent- 
ative of the last three actions of the series are absent. The time of completion 
of these actions was not taken into account because this time may have been af- 
fected by the signal for termination of the given interval and is superimposed on 
the compensation of the preceding error. Therefore, the column "first half of 
the sequence" includes the time of completion of the 4th to 12th actions, while the 
column "second half of the sequence17 includes that of the 13th to 21st actions. 

/134 - In view of the fact that the compensation method as well as the very cir- 
cumstance that compensation occurred proved to be independent of the sign of 
the error,  composite data on compensation, ignoring the sign of the error, will 
be given in the rest of the presentation. 

Since the case of uniform distribution of compensation over the entire period 
of the sequence of actions is of the greatest interest for purposes of determining 
changes in the value of internally controlled intervals, the subsequent analysis 
of the distribution of differences was carried out on the basis of precisely three 
cases. We analyzed 111 cases of uniform distribution of error compensation 
(Table 3 contains a total of 125 such cases, but in 14 cases we detected technical 
defeats in the records which prevented inclusion of these cases in a more de- 
tailed analysis). The entire sequence of actions was divided into 4 equal seg- 
ments of 6 actions each; analyzed were the paimvise differences in each of the 
segments, then one of these segments (the second in the sequence) was analyzed 
with respect to each of the smallest segments of execution, i. e. , with respect to 
all the pressing times and all the pauses between consecutive motions. 

/135 

We computed the differences in time of Completion in each of the segments; 
the first segment belonged to performance Jvith an error,  the second to per- 
forrnance with error compensation (Table 4, A, B). 

uniformly over the entire time of completion of a sequence, even down to change 
As evident from the tables, the total value of compensation is distributed 
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TABLE 4 (A). Distribution of the Magnitude of Compensation Over 
Segments of the Sequence (111 cases) (Mean Value of the 

Error, 892 msec; Mean Value of the 

265 
268 
148 

. Compensation, 981 msec) 
Segments of the sequence I Magnitude of I Fraction of the I Error residue after 

0.27 
0.28 
0.15 

- 1 compensation1 total value of 1 compensation by the 

Numerical position 
of the motor cycle 
in the sequence 

(msec) I compensation I respective segments 
I (motions 1-6) I 305 I 0.3 I 587 

Magnitude of Fraction of the Magnitude of the Magnitude of the 
the com- compensation compensation compensation 
pensation of the entire for pressing for the pause 
€or cycle segment time (msec) between pres- 
(msec) sing actions 

I1 (motions 7-12) 
I11 (motions 13-18) 
IV (motions 19-24) 

7 
8 
9 
10 
11 
12 

(msec 
41 0.15 18 23 
30 0.1 15 15 
65 0.24 20 45 
55 0.2 12 43 
34 0.11 16 18 
40 0.15 15 25 

322 
54 

I -94 

in the value of the duration of each pressing action and of each pause between 
consecutive actions. Particular attention should be paid to  the high uniformity 
of these changes, indicating that the error compensation mechanism is incident 
to variation in the mean value of the interval during which one motor cycle is 
completed. In the light of what has been previously said, this means that the 
mechanism controlling the speed of motion (the interval generator) is responsible 
for compensation. In this connection the mean value of compensation for one 
motor cycle is deserving of attention. From the data given in Table 4 (B) it is 
not difficult to compute that the mean value of the changeininterval of a motor 
cycle is 44 msec. Let us note this figure and go on to consider the question of 
the dependence of the compensation method on the magnitude of the error. As 
has already been said, analysis resulted in the discovery of three possible 
methods, covering the majority of cases: 1) uniform compensation, when the 
magnitude of the error with a minus sign was equally distributed over all the 
motor cycles falling within the time of execution of the sequence during which 
the preceding error is compensated; 2) compensation of the first half, when 
complete error compensation was accomplished already halfway through the 
next sequence, and then compensation stopped; 3) compensation of the second 
half, when the rate of execution of the first half of the sequence, all of which 
was taken up by error correction, did not differ from the rate of execution of the 
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preceding (error-generating) run, and in the sec 
leading to compensa the end of the p 

All the cases referring to one or  the other o 
were broken down into groups as  a function of the 
their mean values were computed. The groups 
the following values: 1) large errors (about 2, 
(about 1,000 msec); 3) small errors (about 500 msec). The results of the analysis 
are  given in Tables 5,6,7. The tables were compiled as follows: after the errors 
had been arranged in groups, we averaged the pairwise time differences of 12 
segments between the sequences in which the working speed gave rise to the error 
and the next sequence in which the error was compensated. These differences 
were represented as the total residue of the error after completing the given 
segment of the sequence. 

nsation methods 
of the error, and 

The speed of completion of the segment may be the same as  in the preceding 
sequence (if so  the magnitude of the error residue remains unchanged), may 
change in favor of error compensation (magnitude of the error  compensation 
decreases) and, finally, may change in favor of error aggravation (magnitude of 
the error residue increases). In the right-hand columns of the tables these 
quantities are  expressed in %. The total magnitude of the error (regardless of 
its specific value) is taken as 100; the attainment of complete compensation as 
0 ;  quantities with a ffminustt sign reflect the process of overshoot of zero and 
accumulation of an error of the opposite sign. 
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The following is evident from these tables: 

1) the decrease in error during the compensation process is a slow affair 
and is attendent upon the completion of no less than one half the sequence of 
actions during which compensation takes place; 

2) when the errors of various gradations (large, medium and small) we run 
up against all the enumerated compensation methods; 

3) when estimating errors as percentages (when the,magnitude of the error is 
leveled off) i t  is found that the compensation method has approximately the same 
characteristics (Table 5, lines 1-6; Table 6, lines 1-6 and lines 9-11; Table 7, 
lines 7-11). 

Of the greatest significance is the fact that all three Compensation methods 
were found for errors of the various magnitudes, indicating that the compensation 
method does not depend on the magnitude of the error. 

Shown in Fig. 3 are graphic representations of the above-mentioned three 
error-compensation methods, regardless of the magnitude of the error (we took 
the average values of the percentages of errors in Tables 5,6, and 7 for errors of 
the various groups), Deserving of attention is the change in  nature of the curve 
during the process of compensation, and is especially noticeable in the case of 
compensation in the first half. 

testifies to the c 
trolled) during 

in working speed (readjustment of the 
ecution process and raises the question of 
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/136 TABLE 5. Distribution of Error Compensation Over the Time of - 
Completion of Individual Motor Cycles as a Function of 

Magnitude of the errors a 
various times during the 
the correction process 
Magnitude of the error 
Residue after compensa- 
tion in the latent period 
+ cycle 1 
Residue after compensa- 
tion i the latent period + cyclks 1,2,3 
Residue after compensa- 
tion in the first five 
cycles 
Residue after compensa- 
tion in the first 7 cycles 
Error  residue after 9 
cycles 
Error residue after 11 
cycles 
Error  residue after 13 
cycles 
Error residue after 15 
cycles 
Error residue after 17 
cycles 
Error residue after 19 
cycles 
Error residue after 21 
cycles 
Error residue after 23 
cycles 
Total magnitude of the 
compensation in 23 
cycles 
Average value of the 
compensation for one 
motor cycle (msec) 

the Magn 
Large 
errors 
(msec) 
1960 
1740 

1490 

1250 

1050 

890 

675 

5 12 

40 

-75 

-87 

-240 

-100 

2060 

83 

ide of the Error 
dedium 
!mors 
msec) 

1100 
860 

825 

7 15 

610 

47 0 

350 

250 

262 

135 

-50 

-240 

-150 

1250 

50 

Small 
3rrors 
:msec) 

555 
400 

3 50 

250 

130 

55 

-9 5 

-225 

-330 

-305 

-480 

-570 

-440 

99 5 

40 

Jarge 
mors  

% 
100 

89 

76 

64 

54 

45 

34 

26 

2 

-4 

-5 

-12 

-6 

106 

VIediun 
?mors 

100 
78 

75 

% 

65 

56 

43 

33 

23 

24 

12 

-4.5 

-22 

-14 

114 

Small 
errors 

% 
100 
72 

63 

45 

24 

10 

-17 

-41 

-6 0 

-55 

-8 7 

-103 

-79 

179 

the criteria by which man is guided in the running process of monitoring his 
working speed. The inflection point on this curve lies below the zero line, This 
may mean in the evaluation by man that the corrections he introduced into the 
speed of execution are too large and he begins to reduce them. 

Now let us return to the magnitude of the compensational increment per 
Above we wrote that the average increment (for errors of the motor cycle. 
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the First H 
Magnitude of the error at various 
instants of the correction process 

Magnitude of the errors ......... 
cycle 1 ........................ 
Residue after 3 cycles .......... 
Residue after 5 cycles .......... 
Residue after 7 cycles .......... 
Residue after 9 cycles .......... 
Residue after 11 cycles ......... 
Residue after 13 cycles ......... 
Residue after 15 cycles ......... 
Residue after 17 cycles ......... 
Residue after 19 cycles ......... 
Residue after 21 cycles ......... 
Residue after 23 cycles ......... 
Total magnitude of compensation 
in 23 cycles.. .................. 
Average value of the compensation 
per motor cycle ................ 

Residue after the latent period + 

ensation 
When Co 
of the Wc 

Medium 
errors 
(msec 
1080 

620 
455 
255 
115 

-145 
-270 
-395 
-345 
-420 
-420 
-435 
-300 

1380 

80 

rer 
Iec t 
k Period 

Small 
errors 
(msec) 
450 

330 
285 
225 
100 
-15 
-30 
-50 
-75 
-45 
-70 
-55 
-15 

465 

43  
:ycles 2-13) (cycles 2 

Medium 
errors 

100 

57 
42 
24 
11 

-14 
-25 
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various magnitudes and for uniform compensation) is 44 msec. From Table 5 it 
can be seen that the average values of the increment for various cases are  83,50 
and 40 msec with uniform compensation, where 83 msec is the increment for 
compensating large errors, 50 for medium deviations and 40 for small deviations. 
The magnitudes of the increment were computed in Table 6 for the same part of 
the curve that reflects a shift in compensation. For this purpose we took the 
maximum magnitudes (from 1,080 msec for medium errors of the total magnitude 
of the error  up to 395 msec of the opposite sign, i. e. , points where curve inflection 
began) and the total magnitude of the compensation was spread over the number of 
cycles fn which compensation occurred. 

It was found that the shifts for one cycle amount to 80 and 40 msec. Shifts for 
a single motor cycle were obtained in the same way from Table 7. From the table 
it is evident that for various gradations in the values of the error  these shifts 
amount to 136,84 and 45 msec. Thus, the increments reduce in all cases to three 
values: 1) 40-45; 2) 80-84 and 3) 136 msec. Perhaps it is not accidental that the 
magnitude of the third gradations corresponds to 
double and triple 

e for compensation of the 
deviation from the 
evaluation mecha time intervals. 

played by human 
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Figure 3. Character of the Compensation of Deviations from 
the Prescribed Interval (distribution of the increment which 
corrects the error over the time of the next repetition after the 

1-Compensation in the Second Half of the Sequence; 2-Uniform 
Compensation; 3-Compensation in the First Half of the Sequence. 

error): 

Error Estimation 
(deviations from the prescribed interval) 

As already mentioned above, in these experiments four test persons re- 
peated a large number of times (90-100) the well-known (to them) problem of 
24 key-pressing actions on a panel within a given time interval (13.0-14.0 sec). 
After each repetition they estimated the degree of coincidence between their work 
and the time-controlling signal (remember that complete agreement required 
coincidence between the start of the 24th pressing action and the signal announcing 
the end of the given segment). 

A correct estimate of a deviation error was considered to be a recognition 
of the sign of the error (in terms of and %behind"). While recording the 
working time on the tape the error was measured and compared with the estimate. 
The results of this comparison are presented in Table 8, which contains the fre- 
quency of the correct estimates as a function of the magnitude of the deviation. 
In all 351 cases from 364 measurements were examined in the table. An absence 
of deviations was observed in 13 cases, and therefore they were not entered in the 
table. 

To evaluate the significance of the figures given in the table, i t  is necessary 
to keep in mind that the test subject had the capability of choosing one of three 
responses. 

discriminate between the presence or  absence of an error, three equally probable 
Hence, in a completely random process, when the test subject does not 
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responses exist (!!exactly, f 1  "behind, 'l and '%headtt), o 
correct. Therefore the frequency of correct estimate 
sidered as the level of absence of correct es 
need be taken into account. Within such a fr 
from Table 8 that errors of up to 100 msec are not evalua 
Errors of 100-150 msec are possibly evaluated. It 
correct estimates) that errors of 150-200 msec are  
200 msec and greater are correctly estimated in dl 
sidered that the magnitude of 150-200 msec is the threshold for estimating 
mismatch errors between the actions themselves and the given time. This 
magnitude is considerably lower than the one at which error compensation is 
good (800-1000 msec, when the error  compensation reaches 70-80% ; Table 2). 
This means that the compensation threshold and the estimation threshold do not 
coincide, and the mechanism of estimating mismatch errors cannot be the only 
factor responsible for error compensation. 

Number Magni- - 
tude of Cases Cor- \ 'Cor- 
the de- rect es- ' rect es- 

TABLE 8. Estimation of Characteristic Errors as a Function of 

Magni- 
tude of 
the de- 

the Mamitude of the Deviation from 
Number 

Cases Cor- Cor- 
rect es- rect es- 
timates timates 

in % of 
the no. 
of cases , 

78 78 100 
60 60 100 
51  51 100 

f 

viation 
(msec) 

20-100 
101-150 
151-200 

' timates timates viation 
in % of (msec) 
the no, 
of cases 

68 15 22 201-300 
45 20 44 301-500 
49 39 62 above 500 

Estimation of Differences in Intervals 

In view of the fact that the literature contains data relating to the dependence 
of the threshold of time-interval discrimination on the magnitude of the intervals 
[3], our experiments on discrimination of intervals were set up in the following 
manner. Intervals of 8, 16, and 24 sec were taken as the initial intervals re- 
lative to which discrimination was de!ermined. The discrimination thresholds 
were examined in these limits in order to be able to analyze them both in terms 
of absolute value (in sec) and infractions of the initial interval. For this pur- 
pose, in the 8-sec interval we used comparison intervals differing by l, 2 and 
4 sec, both on the greater and smaller sides. In the 16-sec interval, intervals 
differing by 1, 2, 4 and 8 sec from the original {on both sides) were used for 
discrimination. For the 24-sec interval we used differences of 1, 2, 4, 8 and 12 
sec on both sides. The intervals were prescribed by a device which made it 
possible to turn on a continuous light signal of the given duration, the error not 

s exceeding 10 msec. 

ignal was given, the test subject had to compare 
ake one of three responses 
shorter or longer). The re this experiment 

to how he es- 
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are given in Figs. 4 and 5, which contain 143 estimates of the above-described 
intervals by three test subjects. 

6-0 
Figure 4. Discrimination of the Lengths 
of Intervals as a Function of Their Orig- 

inal Value. 

7n 

O$O 

rw d. UfF 62'5 as 

, , , , 
0 

Fractions of intervals e 
Figure 5. Discrimination of 
the Lengths of Intervals for 
Differences of 1/8, 1/4, and 
1/2 of the Original Intervals. 

Discrimination of Intervals as  Compared 
with Intervals of 8(1), 16(2), and 24 sec 

(3). From Fig. 4 it is evident that the 
8- sec interval is distinguished from the 
6-sec and 10-sec in 100% of the cases. 

The curve has a sufficiently steep slope on both sides. At the 16-sec interval 
the discrimination curve has a more diffuse character; 100% of the correct com- 
parison estimates were observed only in the case of decrease of this interval by 
8 sec; 80% correct estimates were observed when the interval was increased by 
the same amount. The 24-sec interval was not so well distinguished from larger 
and smaller intervals as the preceding ones. The discrimination curve is spread 
out; 100% discrimination was observed when the interval was increased by 12 sec; 
80% correct estimates were observed when the interval was decreased by 12 sec. 

These results forces on us the idea that the threshold for distinguishing the 
length of a signal depends on the absolute value of the signal, In all cases when 
the interval being compared differs by 1/2 from the original interval, discrimi- 
nation between the two intervals is good. This relationship is true for all three 
of the intervals used and is shown in Fig. 5, which presents data on the dis- 
crimination of two intervals, summed for all cases, where the difference be- 
tween the compared intervals is expressed in fractions of the original interval. 

Since all the preceding experiments were performed primarily at intervals 
close to the 16-sec interval, it is precisely this interval which is of greatest 
interest to us. From the curve in Fig. 4 i t  is evident that discrimination of in- 
tervals differing by 2 sec amounts to 40-70%, while complete discrimination is 
observed at a difference of 8 sec. At the same time, as we wrote earlier, com- 
plete error compensation with respect to the specified interval, when rhythmic 
activity is carried out during this interval, is observed when the deviation is 
about 1 sec. Thus i t  is doubtful whether the mechanism by which the length of a 
specified interval is estimated participates in error compensation. 

- /143 
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CONCLUSION 

The dataobtained in our experiments concern the problem of regulating the 
time characteristics of motion in man. In particular, they yield grounds for 
discussion of two questions: 

1) possible interpretations of the fact that an error  relative to a specified 
interval is compensated; 

2) consequences ensuing from the qualitative characteristics of compensation. 

Let us consider the experimental results in the light of the first question, It 
has been demonstrated that man executes a sequence of 24 actions while adhering 
to a specified (fixed) time interval and not deviating from this interval by more 
than 2-5%. It has also been demonstrated that errors of this dimension are  com- 
pensated in the next repetition of the sequence, The overall time pattern (rhythm) 
of execution of the sequence remains constant under these working conditions, a 
fact which was examined in detail in some of our other papers. 

Moreover, in this situation there exists a certain fixed interval for execution 
of a single motor cycle, the values of this interval changing by no less than 
40-50 msec during compensatory adjustments, This implies that we are  dealing 
here with three levels of the control process: 

1) adjustment of the execution of the entire motor problem to an externally 
prescribed time interval; 

2) control of the intervals of segments of the problem in conformity with a 
problem stored in the memory (execution of a program of ordered actions); 

3) control of the frequency of responses, resulting in overall compensatory 
adjustment of the entire time of execution. 

Only the first of these levels deals with an external, time-gauging signal; 
the remaining two are  obviously connected with the operation of interval mechanisms 
of the central nervous system which measure and specify the frequency and rhythmic 
pattern of individual motor cycles. 

It is natural to assume that the described levels do. not cover the entire list of /144 - 
levels in controlling the time characteristics of motion. 

Here we are dealing with high control levels which issue general, undetailed 
instructions. Completely outside the framework of our examination are such levels 
as instructions on the speed of hand transfer in a direction toward the key to be 
pressed and in the reverse direction or  instructions on the time correlation of 
contraction of individual muscles, or ,  finally, control of the time characteristics 
of individual motor acts, 

The facts we have discovered relating to error  compensation with respect to 
a specified interval and to compensatory adjustments affecting each motor cycle 
more or less uniformly permit us to draw some conclusions as  to the characteristics 
of the processes underlying the above facts in the light ofthe theory of servosystems. 
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Application of this theory to the effector activity of man has been examined in 
detail by Adams [8] who believes that any human activity oriented toward elimi- 
nating errors of mismatch with an externally specified signal is a servosystem 
activity controlled over feedback channels by the magnitude of the mismatch 
error. At the same time Adams distinguishes between one- and two-dimensional 
monitoring systems, meaning by thelatter, systems which are required to monitor 
two independent signal sources. Two-dimensional tracking systems are com- 
plex (especially in cases of bisensory tracking) and have hardly been studied. 

Within the framework of these viewpoints, the problems of our test subjects 
a re  viewed as problems of monitoring a specified interval. The experimentally 
obtained characteristics of error  compensation induce us to believe that we are  
dealing with a two-dimensional monitoring problem. The fact is that the test 
subjects accomplished error  compensation by changing the frequency of the motor 
cycles. In order to do this it is necessary to fix in the memorynofonly the di- 
mension of the given interval, but also the frequency of one's own motions. Con- 
sequently, the input of the given servosystem must be supplied with two signals; 
1) the signal of mismatch in the time of completion of the last action and the end 
of the specified interval, and 2) the value of the frequency of the responses, on 
which depends the total time of execution; the detected mismatch with the speci- 
fied interval. 

The second question which i t  is expedient to discuss in connection with the 
results of our experiments deals with compensation mechanisms, in the light 
of establishing a link which is most responsible for this process. In the experi- 
ments it was determined that the thresholds of estimation of errors,  of error  
compensation, and of discrimination between specified intervals do not coincide. 
Personal error  is detected at a magnitude of 150-200 msec, is compensated at 
a value of 400-1000 msec, and the specified interval is distinguished from a 
different size interval at a difference of 4000-8000 msec. It must be imagined 
that neither an estimate of personal error  nor an estimate of the specified intervai 
as  a whole can be the solely responsible links in the compensation process, The 
necessary missing link is a system which evaluates and controls the frequency 
(speed) of motion. 

The literature contains a considerable quantity of data testifying to the fact 
that the personal frequency of motion is controlled and is conducive to accuracy 
in executing the motor problem [9, 12,53, 151. On the other hand, some authors 
assert that control of the time distribution of responses is due completely to 
externally provided signals [a]. 

It is believed that there will be good agreement between the various view- 
points if the ideas we presented are  accepted, namely, two-dimensional monitor- 
ing of signals carrying information about time, of the external signal, and of 
the frequency of personal motions. 
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CHARACTERISTICS OF THE BIOMECHANICS OF ELEMENTARY 
HUMAN MOTION UNDER THE CONDITIONS OF 

WEIGHTLESSNESS AND G-LOADING 

L. V, Chkhaidze, I,A. Kolosov, V. I. Lebedev, I. F. Chekirda, 
A. V. Teremin, A. D. Burchuladze, and V. I. Stepantsov 

The aim of the present investigation is to clarify the differences in the 
coordination structure of the simplest human motor skills in a variable gravity 
field (from 0 to 20 g). 

The study of the coordination structure of motion was carried out by means 
of the cyclogrammetric method developed by N. A. Bernshteyn [3]. \ 

In our research we made photographs, in profile, of the moving arm, to 
which three small electric lights were attached, the first near the first phalanx 
of the second finger of the right hand, the second at the level of the radiocorpal 
joint, and the third at the level of the elbow joint. 

An obturator with four slits was set up ahead of the camera and was driven 
at a uniform rate of rotation by a small electric motor. The speed of obturator 
rotation was chosen to be such that the time intervals for fixation of arm 
sections was 64 per sec. Photography yielded negatives with discontinuous traces 
of the path of motion of the given part of the arm. 

A sample of these paths is given in Fig. 1. For convenience in determining 
the specific coordinates of points on the paths, a scale grid was imprinted on the 
photographic record, which made it possible to determine the coordinates with 
an accuracy of up to 1 mm. If we consider that the difference in value of the 
coordinates of consecutive points (the first derivative), referred to time, shows 
up in the abscissa o r  ordinate as  the velocity component of displacement of the 
given arm section, while the difference in value of the first differences (second 
derivative), again referred to time, is the acceleration, it is necessary to intro- 
duce the mass of the given part of the arm into the equation in order to deter- 
mine the force applied to this part  at^ a given instant. 

The weight of the arm part is added to the inertial force obtained as  a result 
of the above computation in order to get the vertical force component. In our 
investigations the weight is left out in all cases of weightlessness, but is added in 
increasing magnitude in conformity with the load applied, 

The data were analyzed directly from parametric graphs of the velocity, 
acceleration - and force - components and, less frequently, by constructing the 
total vectors of the forces applied to the center of gravity of the different parts 
of the arm in someof the more important attitudes assumed in executing the 
motion being analyzed. 

/146 - 

/147 - 
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0 A 

Figure 1. Displacement of the Arm of a Man at the Elbow 
Joint During Flexure and Extension in a Normal Gravity Field 
(A), Under a Load of 2 g (B) and During Weightlessness (C): 

1-Path of the Light on the First  Phalanx of the Second Finger; 
2-Path of the Light at the Radiocarpal Joint; 3-Path of the 

Light at the Elbow Joint. 

The reason for doing this was that all the tiniest breaks (so-called "waves") 
are  clearly traced on the parametric graphs. The breaks are peculiar, in some 
form o r  other, to a specific motion and are  different in origin. 

N. A. Bernshteyn [3] established three categories of such waves: 

a) spontaneous - enervation waves, straightforwardly reflecting concrete nerve 
pulses and causing the formation of those components of the coordinational structure 
of motion that Chkhaidze called fundamental or  dominant [5];  

b) reactive waves of peripheral origin, reflecting displacement of parts of the 
body and causing the appearance, in the coordinational structure of motion, of 
forces which Chkhaidze called satellite; 

c) waves of mixed origin, the reactive - enervational taking the intermediate 
position. They reflect both direct nerve pulses and reactive forces taking place 
on the periphery. According to Chkhaidze, the components of the coordination 
structure due by these waves a re  called secondary. 

/148 - The present investigation was made by comparative analysis of the nature 
and origin of these waves when motions are executed under the conditions of 
weightlessness (20 sec) and with positive stresses of 1.8 to 2.2 g (10-12 sec) pro- 
duced during flight of an aircraft along a Keppler curve. The various motions were 
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flexure, and extension (at the elbow joint) of a free arm over a period of 2.0  sec; 
the same motions with the arm loaded (dumb-bell weighing 3 .0  kg); flexure and 
extension of a free arm over a period of 0 .5  sec; and directed extension (striking 
an indicated point with a finger) for 0.3 sec. 

Four men, aged 25-35, took part in the investigations. The total number of 
processed photographic records was 25. 

RESEARCH RESULTS 

Despite the apparent simplicity, the coordinational structure of the motions 
are studied is sufficiently unusual, even when executed under the normal 
gravitational effects of the earth, and obeys specific laws. 

When a free o r  loaded arm is slowly flexed at 1 g (Figs. 2 and 3), the curves 
of the force components at the start of motion form characteristic peaks n y  in the 
longitudinal components and n A in the vertical ones, As a result of addition of 
these forces, the total vectors applied to the center of gravity of the arm sections 
assume the direction which is necessary to impart the appropriate motion to the 
arm (Figs. 2 and 3,  positions I and II). It is completely natural that the magni- 
tude of these vectors in flexure of the loaded arm is somewhat greater than in the 
case of the free arm. Since the given part of the motion depends entirely on its 
intended task, the two indicated peaks must be attributed to spontaneous - enerva- 
tional waves. Then several new breaks appear in the curves. They are denoted 
as A1 along the vertical and$ along the longitudinal components. These re- 
active waves are caused by mechanical reaction of the periphery to the start  of 
motion. Following this, the longitudinal force component drops below zero (the 
vertical component remains at the same value after a small peak nA), where a 
small decelerating wave A forms. As a result, the total force vectors abruptly 
reverse direction and, even though flexure is still far from being terminated, 
begin to decelerate motion of the parts of the arm (Fig. 2, position 111). 

But there is nothing surprising in this, since the impending complete change 
in the direction of motion (changeover from flexure to extension) requires a pre- 
liminary attitude, Since i t  is first necessary to overcome inertia of the members, 
the decelerating forces appear long before flexure is completed. One of the proofs /149 
of the validity of what has been said is that when the loaded a m  undergoes flexure, 
vector reversal begins somewhat earlier than in the unloaded case (in position 
11, and not in 111; 'see Figs. 2 and 3). 

7 

/150 - What has been said gives a good illustration of the antonomy of the activity 
of an internal habit control loop, which is realized without any intervention by 
higher organs of the central nervous system, and, in particular, of the con- 
sciousness. 

Complete decelerationof parts of the arm is followedby a smooth transition to ex- /151 - tension, smooth because of prior deceleration. This is accompanied by the appearance, 
in the force components, of new spontaneous enervational waves E over the longitudinal 
terms and B over the vertical ones. Both are clearly evident and thanks to them forward 
and downward motions are imported to the hand and forearm. There is no doubt whatever 
as to their origin, since they are completely subordinate to the consciousness of 
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Figure 2. Coordination Structure of Slow Flexure and Extension 
,of a Free Arm at 1 g and During Short-Term Weightlessness (above). 

the human executing the.motion. As a result of summing forces reflected by these 
waves, the vectors applied to the centers of gravity of the hand and forearm take 
on the direction necessary for the start of extension (position IVY Figs. 2 and 3). 

The start of this motion is characterized by an abrupt fall-off of both the 
force components, a small break, a satellite of the wave E ,  which we denoted by 
E’, being traced along the longitudinal components. 

The occurrence of this break has a fundamental nature. There is reason to 
believe that this is a correction signal from the inner loop which controls habits. 
This idea is proved to a known degree by the fact that is appears 0.12-0.14 sec 
after complete evolution of the main wave. As Chkhaidze and Gurfinkel have 



Figure 3. Coordination Structure of Slow Flexure and Extension 
of a Free Arm at 1 g and During Short-Term Weightlessness (above). 

shown, the most important correction signals of this loop, so necessary to get 
the correct course of motion, occur at approximately the same frequency [2 ,6,  ‘71. 
After the motions have completely evolved, the longitudinal force components 
again return to zero (the wave n e ) ,  thus again generating deceleration forces 
which are  necessary to stop the arm in executing a motion. As a result, the 
force vector again takes on a direction counter to the course of motion (Figs. 
2 and 3,  positions V, VI, VII). When the loaded arm completes extension, this 
vector is not only appreciably greater in magnitude than in the free case, but 
also assumes the required direction somewhat earlier (almost at the very be- 
ginning of extension, position V). 

Before the arm stops, and consequently somewhat before the main decele- 
rating force C develops in the vertical components, the satellite reactive wave B 
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shows up clearly in the components. This is the second (now extensional) re- 
action of the periphery to hand motion. 

The motion terminates with complete development of the auxiliary reactive- 
enervational force C and resultant stoppage of the arm. 

The realization of the above-described motions by the free arm, with a jerk, 
in 0.5-0.75 sec results in a certain reorganization of the structure of habitual 
motion. In particualr, as shown by the lower part of Fig. 4 (right-hand side), 
the wave n\i over thelongitudinal components merges with the wave ne,  but the 
satellite of the wave A; the break AT, is absent. The decelerating force A is 
not very pronounced. But the characteristic return of the lonetudinal com- 
ponents to zero, as evident from the left side of Fig. 4, permits the force vector 
to assume the direction necessary for timely deceleration. In this case, in 
complete agreement with the laws of mechanics, this situation sets in considerably 
earlier than in executing the analogous motion at a low speed (Figs. 2 and 4, PO- 
sition 111). Despite the high speed of arm motion, the correction signal e’ still 
appears at the very start of extension and when extension takes place with a rush, 
but because the motions merge somewhat, the curves have somewhat fewer breaks. 
In particular, the characteristic reactive wave B is absent. 

/152 - 

/153 

Our reason for executing purposeful extension motion was to trace how its 
structure changes when it is determined by a distinct meaningful task. 

Figure 5 (the lower part) gives an overall picture of this motion. The first 
part, preparatory flexure, is in no way different from the abrupt flexure dis- 
cribed above, but the second extension, which is carried out also in less than 
0.5 sec, is interesting in that very distinct satellite waves e and B’are observed 
in both the longitudinal and vertical force components. These are important 
correctional signals. It is easy to see that the execution of purposeful extension 
required rapid and distinct corrections and they appeared in the form of satellite 
waves. It is possible that in the given case they are of the spontaneous-enerva- 
tional character. 

If we return to Fig. 1, it  is not difficult to recognize that the structure of 
habits under different gravitational conditions cannot be identical. 

Even the external picture of the path of motion of recognizable points of the 
arm in executing such relatively simple habitual actions as slow flexure and ex- 
tension is different. 

Even though the hand and wr is t  move under the effect of normal gravitational 
force in such a way that the paths of flexure and extension practically coincide, 
in weightlessness and under positive loads the arms move along one path when 
being raised and along another when being lowered. 

This is true because, on the one hand, the elbow of the test subject was not 
fixed in any special way, since this was not envisioned in the problem of motion. 
On the other hand, according to N. A. Bernshteyn’s opinion, which he stated in 
discussing the data, when g = 0 the greater part of the muscular forces which 
were used earlier (at 1 g) to dampen the reactive and other force components 
was liberated; this also contributed to the differences in’ the path of motion for . 
flexure and extension which are  characteristic of weightlessness. 
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Variation of force components (Fg) 
applied to the center of gravity of 
the wrist (mg) 

4u q 5  4:. 4.75 4*USBC 

Figure 4. Coordination Structure of Flexure and Extension of 
the Arm of a Human Being When Accomplished at High Speed 

at 1 g and During Short-Term Weightlessness (above). 

This fact can in no way influence the conclusions we made, although it  does 
somewhat complicate understanding of the mechanisms governing their origin. 

In carrying out slow flexure and extension under the conditions of weightless- 
ness (Figs. 2, 3), in addition to the decrease in magnitude of the force components, 

force components, as  well as the omission of the reactive B' wave and of the 
secondary waves A and ny. 

/155 also deserving of attention is the complete absence of B waves in the vertical - 

The reason for the absence of the B wave is that under these conditions a 
human being does not need to overcome the force of gravity and therefore all 
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Figure 5, Coordination Structure of Rapid Flexure and Pur- 
poseful Extension (touching with the finger) of the Arm of a 
Man, Carried out at 1 g and Under Short-Term Weightlessness 

(above). 

the forces of extension can be directed forward only, This is very typical for the 
given case and indicates not c-ly tL. * reorganization of the structure of motion is 
correct, but also that the investigative technique we used is realistic. The very 
deep-seated generation of the satellite E' wave is a clear indication that under the 
unusual conditions of weightlessness, the human central nervous system intro- 
duces additional corrections during habitual action by means of an inner loop for 
the control of motion. The same can also be said of the second flexural waves 
At and ny. A noticeable increase in the value of the reactive wave Bf indicates a 
certain lack of coordination of motion. The central nervous system was not able 
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to eliminate this factor, which it should for sufficiently well-coordinated habitual 
action [ l ,  61. 

A l l  this leads to a certainreorganization of the force vectors applied to the 
center of gravity of the wris t  and forearm. They are somewhat reduced and 
change direction from positive to decelerating, with a noticeable lag {e. g. , in 
position IV, and not 111, if compared with the upper and lower parts; Fig. Z ) ,  
since minimum inertia of the body members permits simplification of the de- 
celeration process. 

If we make a comparative estimate of how large the most important dynamic 
and kinematic characteristics of the components of slow flexure and extension of 
a free arm are  under the conditions of the earth's gravity field and of weightless- 
ness, we can see considerable differences (see the table). 

Deserving of particular attention is the sharp decrease in magnitude of the 
force vectors in the case of weightlessness, but the decrease is not the same 
for the various components. The vertical ones decrease by about 75 to 80%, 
while the longitudinal ones decrease by 30-40%. The result is an overall re- 
duction of 50% in muscular force expended. The reason for the greater decrease 
of the vertical components, as  compared with the longitudinal ones, is that they 
are  affected by the gravity field. Bernshteyn has demonstrated that when the 
earth's gravity field acts on the vertical components of motion, these components 
reflect primarily the external mechanical aspect of this act - counteraction of the 
force of gravity, etc. Thisisnot true in the case of weightlessnesq, as  is evident 
in the greater decrease in magnitude of the vertical components and is indicative 
of a transfer of the dominant role in the structure of habitual action from the 
vertical to the longitudinal components. 

Slow flexure and extension of the loaded arm in weightlessness differs from 
the unloaded arm case not only in the absolute magnitude of the forces applied to 
parts of the arm (upper part of Fig. 3), but also in that when these actions are 
carried out, all the above-described changes appear to be more sharply de- 
lineated. In particular, this refers to the. more clearly delineated correction 
(satellite) wave E' and to the stronger increase in value of the longitudinal com- 
ponents in the structure of habitual motion. The latter is evident even from the 
fact that the. most important spontaneous - enervational wave E increases by a 
factor of almost 2 .  More complex conditions of motion (a load five times heavier 
than the wrist itself) required reorganization of the structure of habitual motion, 
in fact, exactly in that direction which is almost effective under conditions of weightless- 
ness. 

/156 
I__ 

In summarizing the comparative analysis of slow motions under the conditions 
of weightlessness, it must be considered a fact that when man carries out similar 
habitual motions in dynamic weightlessness, w.e should expect a 50% reduction in 
muscular force, an increase in the part played by the longitudinal force components 
(which should lead to a certain reorganization of the structure of motion) and more 
frequent intervention of the central nervous system in the process of executing 
motions. 

The basic feature of execution of purposeful extension under the effect of 
1 g was considered to be the appearance, in the curves of the force components, 
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Normal With a 

field 
Components gravity 2 g load 

Longitudinal forces at the start of flexure ( nY 1 
Decelerating forces at the end of flexure ( A )  
Forces at the start of extension ( E )  vertical 
Forces at the start of flexure (A) . . . . . . . , 
Forces at the start of extension (B) . . . .. . , 
Reactive forces of extension (B") . . . . . . . . . . 
Decelerating forces at the end of motion (C) 

Weightless- 
ness 

0.4 
0.3 
0.9 
1.3 
1.3 
0.5 
1.1 

0.2 
0.2 
0.3 
2.4 
2.2 
2.2 
2.4 

0.4 
0.2 
0.6 
0.3 
0.0 
0.2 
0.4 

Kinematic characteristics at the extremum, (in m/sec) 
Longitudinal velocity components . . . . *.. . . . . 2.3 1.2 2.0 
Vertical velocity components ..... ...... ... I 2.1 I 1.0 1 1.6 

of two important satellite correction waves, E and B, at the start of extension. 

Under conditions of weightlessness, both these satellite waves are absent 
/157 (upper part of Fig. 6). Considering that the given extension was carried out - 

within the same time interval asin the case'of lg, it can be assumed that under 
the conditions of weightlessness, the same purposeful form of rapid motion may 
be easier. 

/158 - In conclusion let us consider the execution of the above-described motions 
when leads of 1.8 to 2.2 g are  applied (Fig. 6). 

The external conditions under which such habitual motions are executed are  
severe in this case, resulting in appropriate reorganization of the structure of 
the motions. In the execution of slow motions, the parameters of the force vec- 
tors applied to the center of gravity of the parts of the arm increase distinctly, 
and the magnitude of the vertical components is more than doubled (see table). 
At the same time the longitudinal force components even decrease somewhat. 
This is confirmation of the idea stated above that the dominant part played in the 
structure of motion in the case of weightlessness passes to the longitudinal com- 
ponents. Therefore, under g-loads, the opposite to what is observed iri reality 
should occur. This is: manifest in the change in direction of the total force vectors. 
They are directed primarily upward, facilitating successful counteraction of the 
increased gravity of the parts of the arm. 

In the curve configuration (upper part of Fig. 6) it should be noted that the 
curves are extremely broken up. Since this is incident to the introduction of 
correction signals, it must be assumed that the unusual conditions under which 
this habitual motion was carried out required more frequent intervention of the 
central nervous system in the course of execution. 
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Variation of the force components (Fg) 
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$ 

Up -Down 

Figure 6. Coordination Structure of Slow Flexure (above) and 
Purposeful Extension of an Unloaded Arm of a Man Under a 

Force of 2 g. 

When loads are applied, fast motions (e. g. , flexure and purposeful extension) 
a re  carried out under a force greater than lg, and they merge more than in the 
case of weightlessness. The curves of the force components have very few 
breaks until the end of flexure (lower part of Fig. 6). At the very beginning of 
such difficult extension, however, a yery distinct satellite wave.8' is traced. It 
even exceeds the basic wave in magnitude. If we consider that it is absent in the 
case of weightlessness (it is observed only under 1 g), it must be assumed that our 
ideas that control of directed motions is possibly facilitated in a zero gravity 
field are confirmed to a significant degree. 
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The total force vectors applied to the parts of the arm, when fast motions 
are executed under loads, are appreciably greater than when these motions are 
executed under1 g). Characteristic is their steep slope to the horizontal, steeper 
than when slow motions are executed, since quick jerking motion requires that 
the longitudinal components be greater. This changes the direction of the vec- 
tors, in particular of those vectors which characterize the forces applied to the 
center of gravity of the wrist. 

On the whole, it must be pointed out that analysis of the execution of the m 
motions we investigated, under load conditions, not only confirmed the validity 
of a number of conclusions obtained in considering their execution in the case 
of weightlessness, but also demonstrated that it is expedient to use our methods. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 
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THE STATE AND EFFICIENCY OF A HUMAN BEING 
DURING PROLONGED CONFINEMENT 

IN A SPACECRAFT SIMULATOR 

S. G, Zharov, A.Ye. Baykov, I. I. Kaslyan, A. P. Kuz'minov, 
D. G, Maksimov, V. F. Onishchenko, and V. A. Popov 

One of the factors incident to prolonged confinement of a human being in a 
spacecraft is the limitation of his mobility (hypodynamic). It has been shown 
that prolonged hypodynamia may have a deleterious effect on the fbctional state 
of the organism and efficiency of a human being [6,7,9, 14-16]. 

The problem of the present research is to study the overall state and ef- 
ficiency of man during prolonged (12-day) confinement in a spacecraft simulator in 
the absence of special mean to counteract the negative effects of hypodynamic. 

METHOD 

The test subject remained for 1 2  days in his space suit half-lying in the 
seat of the spacecraft simulator. The model was hermetically and acoustically 
sealed off from the surroundings. The microclimate in the cabin was main- 
tained by an autonomous system in conformity with a prescribed program. The 
air  temperature within the cabin fluctuated between 12-24', the humidity from 
45 to 65%, the oxygen content from 18 to 2076, and the carbon dioxide content 
did not exceed 1%. The microclimate in the pressure suit was regulated by the 
test subject by changing the volume of circulating air. The test subject was fed 

special sanitation device was used to take care of the natural functions. 

celestial canopy and also images of the earth and moon were set up in front of 
the space-cabin illuminators. According to the experimental program, at 
certain fixed periods the test subject oriented the craft, made a radio report, 
performed various test functions and made records in the spacecraft log. 

d e  overall state and phpiological reactions of the test subject were con- 
tinuously monitored over a television hookup by observing the pulse rate, the 
respiration rate, the eleoteboardicgram pattern, encephalograms and other 
physiolcigicaj indicators. A block diagram of the setup and equipment designed 
to monitor the state of the test subject is given in Fig. 1. 

was used in the experiment, and with these methods we studied such aspects as 
the operational reliability of the tester in controlling a spacecraft manual orien- 
tation system, the stability of complex sensomotor habits, and mental and physical 
capabilities. The transmission capacity of the visual analyzer was studied by the 
method described by A. A. Genkin, V. I. Medvedev, and M. P. Shek r2]. Tables 

/160 and supplied with water by using one of the various types of space rations. A - 

For the purpose of better imitation of flight conditions, illustrations of the 

a 

To accompliBh the research goal ge complex of psychologi 
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were compiled from Landolt rings of equally probably directions. The test sub- 
ject was to look over all signs and pick out prescribed useful signals. The criteria 
for work evaluation were the time expended in examining tables, and also the num- 
ber of recognized and transmitted useful signals. The bioelectrical activity of the 
muscles during tests on the coordinograph and dynamograph were determined from 
the wrist flexors. The galvanic skin reaction was investigated by Tarkhanoufs 
method. The bioelectric activity of the cerebral cortex was recorded with an 
electroencephalograph using a frequency analyzer and frequency integrators, 
applied to the forehead and occiput (left side). 

Before and after the experiment the test subject was given a general clinical 
examination, applying the orthostatic test, and was examined while applying a 
functional load on a treadmill and in a centrifuge. The effect of gravitational 
loads during rotation of the centrifuge reached 10.5 t, in a line through the chest 
and back. In the centrifuge experiment we studied the response reactions of the 
test subject to light signals and also the parameters of the medical check (EKG, 
KGR, the respiration rate, etc. ). 

EXPERIMENTAL RESULTS AND DISCUSSION 

The overall state and health of the test subject during the entire experi- 
ment was satisfactory. A l l  instructions transmitted from the monitor central 
were carried out in accordance with the program. Evaluation of the environ- 
mental situation and responses to questions were correct. 

/162 - 
In the course of the experiment the test subject development symptoms of 

general asthenia, accompanied by the appearances of irritability, fatigue, de- 
teriorating appetite, a drop in the functional activity of a number of physiological 
systems of the organism, and some deterioration of the quality with which 
functional tests and special tasks included in the experimental program were 
performed. 

The data on control of a manual spacecraft orientation system indicate that 
the operational reliability of a test subject underwent a number,of changes. In 
the first three days, a tendency was noted to increase the time spent in space- 
craft orientation, .as compared with the original state. The work motions in 
control were someshat slowed down. Following the period the time spent in 
orientation speeded up and did not differ appreciably from the original. 

on several days of the experiment (7th and 11th). 

In studying the capability of the test subject to transmit information by means 
of a teletype instrument it was found that the operational reliability also decreased 
toward the end of the experiment. The time spent to transmit a symbol increased 
from 0.7 to 0.8 sec. The number of transmitted symbols decreased from 1.3 to 
1.2 per sec. The overall capacity insofar as time spent in transmitting standard 
information is concerned decreased by 10%. In order to establish the initial in- 
dexes for working habits, twoexercizes were required on the second day after 
the experiment. Each exercise, included the transmission of standard tests con- 
sisting of 150 printed symbols. 

The precision with which the orientation tasks were carried out also decreased 
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Investigations by means of correctional tables showed that the transmission 
',capacity of a visual analyzer in carrying out a test with Landolt rings de- 
creased toward the end of the experiment from l. 7 to l. 3-1.5 bits/sec. Losses 
of useful information by the visual analyzer increased by 8-10 signals, and the 
time spent in recognizing useful signals increased by 30 to 60 sec. Deserving 
of attention is the fact that a decrease in the contrast sensitivity of the eyes to 
red and green light by 35 and 45%, resp., was noted toward the end of the experi- 
ment (L. N, Meier). 

Tn analyzing the electroencephalogram records (EEG) i t  was found that a 
state of stagnant exaltation of the a-rhythm exists at the end of the experiment 
(Figs. 2,3). The specific intensity of this rhythm, as determined in functional 
tests of eye closure, increased by 16-22%:. In additionto changes in the a-rhythm 
indexes, the EEG also revealed a tendency toward an increase in the activity of 
the low-frequency rhythms with an oscillation period of 2-7 Hz/sec. 

Figure 2, Sample of an EEQ Record made of the Test Subject 
at the Beginning of the Experiment While M a w  a Furmctionalt 

Test of the Eye-Closing Operation: 
a--EECf of the Forehead - Occiput, Left Side; b-EKG; c, d, e, 
f-Oscillation Frequencieg of EEG Waves in the Range of 2-4 
Hz A one rhythm), 5-7 Hz 0-rhythm), 8-13 Hz (a-rhythm), 
14-20 Hz /? !-one rhythm), as Elicited by Filters of the Analyzer; 
g-Amplitudes of the EEG Frquenoiea from Integrator In- 
dexes over 10 sec of Analysis: h--CfSR: i-EMG. 
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Electromyographic studies made during the execution of the functional tests 
indicate that the bioelectric activity of the muscles decreased appreciably toward 
the end of the experiment. Thus, in making a functional test of rhythmic de- 
pression of the keys of an instrument, the bioelectric activity of the flexors of the 
right wrist decreased from 300 to 200 microvolts. In a number of cases partial 
and arhythmical oscillations were noted on the recorder EMG toward the end of 
the experiment. 

In investigating the galvanic skin reactions (GSR) recorded while carrying 
out tests of the rapid transfer of attention It was observed that toward the end 
of the experiment the GSR amplitude dropped from 650 to 480 microvolts, i. e., 
by 26%. 

Under the effect of the experimental conditions the test subject also showed 
a decrease in the functions of respiration andgas exchange. The rate of the res- 
piratory cycles decreased from 14-13 to 10 per min during the morning hours. 
The greatest decrease in respiratory rate was observed on the 8th and 10th days. 
Toward the end of the experiment the respiratory rate increased toward the end 
of the experiment, reached the original values and, on the 13th day, after the 
cabin was unsealed, had exceeded the original values (Fig. 4). During the 
evening hours the respiration rate was in the range of 12-16 per min; inthe sec- 
ond half of the experiment, a certain increase in fluctuation of the breathing 
rate was observed. 

Figure 3. Sample of an EEG Record made of the Test Subject 
at th8End of the Experiment Devoted to Testing Eye Closure, 

Notation as in Fig. 2. 
14 



It should be noted that in addition to a decrease in the respiration rate of the 
test subject in the course of the experiment, the pulmonary ventilation also de- 
creased by 360-1600 ml/min. The vital capacity of the lungs changed only 
slightly. The magnitude of the oxygen required dropped regularly from 256 to 

was 199.7 ml/min. In the next three days it had dropped to 144-147 ml/min; 
subsequently the amount of evacuated C02 fluctuated within the limits 128-202 
ml/min. 

/165 176-240 ml/min. The dynamics of C02 evacuation from the human organism - 

The magnitude of the basic exchange in the first few days of the experiment 
was 1,759.7 kcal, which was 118% the required magnitude; on the 3rd and 5th 
days it was 1,271.5 kcal (85.3%). In the second half of the experiment the mag- 
nitude of the basic exchange again rose, lying within the range 1,551-1,681 
kcal (105-114%). 

somewhat high, as compared with the initial values, lying in the range 68-74; on 
the 12th day it rese temporarily to 80 per min. During the evening hours through- 
out the experiment a tendency was observed toward a decrease in the pulse rate 
from 85 to 62 per min; only on the 13th day after the cabin was opened (but the 
test subject was still in his seat) did the pulse rate rise to 89 per rnin (Fig. 4). 

In the morning hours of the first half of the experiment the pulse rate was 

Days of experiment 

Figure 4. Dynamics of Pulse Rate and Respiration Rate  of 
Tester on Different Days of Experiment; Evening (1) and 

Morning (2). 

Of interest are the data on the change in pulse rate under a constant physical 
load while working with the wris t  dynamograph. In the first half of the experi- 
ment the pulse rate during rhythmic work on the dynamograph was 115-120% of 
the original value, and 117-141% during the second half of the experiment. When 
the dynamograph was kept in the compressed state (static work), the pulse rate 
in the first half of the experiment increased to 112-118, and to 113-131% in the 
second half. When the breath was held during inspiration, the pulse rate also 
increased appreciably in the second half of the experiment. 

Analysis of electroplethysmograms showed that the phase relations of the 
cardiac activity during the experiment did not exceed the mean values typical 
of healthy people. Only in the middle of the experiment was it possible to note 
some reduction in the phase of the isometric tension. Obviously such a change is 
characteristic of a state of hypodynamia. 

/166 - 
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Analysis of the EKG records showed a decrease in the amplitude of the R 
and T spurs, an insignificant decrease in the segment ST and a certain retarda- 
tion of the auriculoventral conductivity. It can be assumed that the decrease in 
amplitude of the R and T spurs was caused not only by a change in the biomechanism 
of the cardial muscle, but also by an increase of the interelectrode resistance, 

With the aim of studying the hemodynamics before and after the experiment 
we recorded the tachooscillograms and arterial oscillograms of the test subject 
on a Savitsky mechanocardiograph. In a passive orthostatic check made during 
the first hour after the experiment, the arterial pressure of the test subject 
was noted to be considerably higher than in the initial state, and the volume of 
blood per stroke per minute was also noted to be sharply reduced. Before the 
experiment, the volumes per stroke per minute during the orthostatic check 
decreased from 89 (6.04 l/min) to 54 ml (511 l/min), while the arterial pressure 
increased from 112/65 to 127/78 mm Hg, but after the experiment the blood vol- 
ume per stroke per minute decreased during the same functional check from 72 ml 
(5.13 l/min) to 44 ml (3.67 l/min), while the arterial pressure of the blood in- 
creased from 123/74 to 132/192 mm Hg (A. V. Beregovkin). 

On the second day after the experiment a passive orthostatic check revealed 
no noticeable increase in the arterial pressure Bcnd no distinct decrease in blood 
volume per min, and on the third day there was almost complete recovery of the 
reaction of the cardiovascular system to the orthostatic check. 

Deserving of attention are  the data on the response of the test subject: to 
functional tests in the form of applied loads and doses of physical work. These 
tests were performed both before and after the experiment under ordinary con- 
ditions, 

The maximum residual stress after the experiment was almost unchanged 
(10.5 g's before and 10 g's after the experiment). The trend of the shifts in 
physiological reactions also was identical. No appreciable difference was noted 
in the change of respiration rate in both cases. The rate of heart contraction upon 
application of loads after the experiment was somewhat greater than in the initial 
state. The time required to normalize the pulse rate increased after the experi- 
ment to 4 min, while it was 1 min in the initial state. The responses time of 
motor reactions by the test subject to light signals increased considerably. Also 
noted were changes in the tonus of the minute veins and capillaries of the test 
subject. When extreme loads were applied, the amount and volume of hemorrhage 
into the integuments of the back, hips and buttocks of the test subject were con- 
siderably greater after the experiment than in the initial state (A. R. Kotovskaya). 

Considerable shifts in the raction of the organism of the test subject were 
- 

also observed when a 3-minute running test at the rate of 180 paces per min was 
completed after the experiment. Prior to the experiment, after a 3-minute run, 
the pulse rate increased from 74 to 152 beats/min, the breathing rate from 14 to 
24 per min, and the systolic and diastolic pressures from 100/60 to 150/30 mm 
Hg. These physiological indexes recovered in 4 min. After the experiment, 
after the same exertion, the pulse rate increased from 74 to 172 beats/min, the 
breathing rate from 14 to 30-48 per min, and the arterial pressure from 108/58 
to 170/20 mm Hg. The physiological indexes did not normalize in 5 min (A. V. 
Beregovkin). 
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During a test run with the dynamograph the test subject exhibited a post- 
experimental decrease in muscle strength of the right hand as well as an increase 
in the supplemental forces required to keep the dynamograph in the compressed 
state. No appreciable changes in the coordination of hand motion were observed 
from a coordinograph check on the 2nd and 3rd days after the experiment. 

From the data of a large number of examinations no pathological changes 
whatever were detected in the organism of the test subject after the experiment. 
The periodic appearance of acetone bodies in the urine and also of an insignificant 
amount of sugar (0.2%) must obviously be considered as  temporary functional 
dislocations. Also to be considered as temporary dislocations are variations in 
vascular reactions (plethysmograms), namely, a decrease in reaction to deep 
inspiration and cold, as  well as the disappearance of reaction to oral counting 
and to brief delay in breathing. 

As evident from the data, several changes were observed in the state and 
efficiency of the test subject, despite the fact that he estimated his state of 
health as completely satisfactory throughout the experiment. In view of the 
fact that the parameters of the microclimate in the spacecraft cabin did not change 
appreciably, and the food intake and water supply were normal, the above- 
mentioned variations in the reactions of the cardiovascular and respiratory sys- 
tems and also of the overall status of the test subject are apparently related to , 
the effect of prolonged hypodynamia and isolation. At the start of the experiment 
the effect of these factors was accompanied on the part of the test subject by an 
orientative reaction to the environment, which showed up as a persistent in- 
crease in the pulse rate, inaccuracy of motion in orienting the ship, midway in 
the experiment, the effect of these factors was accompanied by the development 
of adaptive-compensatory reactions, followed by an increase in general fatigue 
and disruptions in the state of a number of basic vital functions of the organism. 

The presence of fatigue in the test subject showed up as a steady decrease 
in the quality of work in spacecraft orientation, deterioration of the motor skill 
in transmitting signals by teletype and a decrease in the capacity of the visual 
analyzer in choosing from tables of useful signals. The presence of fatigue and 
a decrease in the reactivity of the central nervous system are indicated by the 
galvanic skin reaction of the test subject to external stimulation and by a slowing 
dQwn of the response reactions to light signals. At the same time the EEG re- 
vealed an increase in the index of low-frequency oscillations and exaltation of the 
a- rhy thm, 

The general fatigue of the test subject was apparently also reflected by a 
decrease in muscular strength of the wrists, inaccuracy of the muscular forces, 
decrease and high irregularity of the amplitudes of the electromyograms accom- 
panied by the simultaneous appearance of high-amplitude splashed. 

- 

During the experiment and for three days after it was over the reaction of 
the cardiovascular system in response to a passive orthostatic check and to 
physical forces was observed to be more pronounced than in the initial state. 
This is apparently a reflection as much as general fatigue and a change in the 
central nervous system as of the direct effect of hypodynamia on the blood cir- 
culation [I, 21. The interruption of vascular tonus was manifested very distinctly 
as an increase in the amount of subcutaneous hemorrhage when forces were 
applied after the experiment. 
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Data analogous to ours on the effect of prolonged isolation and hypodynamia 
when test subjects are placed in the usual and a variable gaseous medium had 
also been collected earlier by other researchers [3, 4, 9, 11, 14, 161. They 
pointed out that under the effect of hypodynamia and restriction of afferent sig- 
naling psychic reactions are combined, negativism appears in the execution of 
operational tests, the efficiency is lowered, and the functions of breathing and 
blood circulation decrease. Kakurin et al. [6] noted that prolonged hypodynamia 
sharply decreases the capability of the test subjects to transmit information (up 
to 25%). Izosimov and Myasmikov [5] observed that isolation of test subjects re- 
sulted in a decrease in reactivity and excitability of the cortex of the brain and 
that low-frequency components appear in the EEG. The pronounced effect of 
hypodynamia on the overall status and efficiency of human beings was also 
noted in the work of L. V. Korobkov [7] and B. A. Lampusov [8]. 

The above-mentioned functional dislocations in a test subject under the effects 
of prolonged isolation and hypodynamia make it urgently necessary to further 
study of the effect of these factors on the human organism and to seek optimal 
working and breathing conditions for astronauts. 
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MAINTENANCE OF A GIVEN STATIC FORCE WHILE THE 
FORCE OF GRAVITY IS TRANSFORMED" 

M. A. Cherepakhin 

Previously we carried out an experimental investigation of certain indices 
of coordination of human motions when the human being was subjected to alter- 
nating stresses and weightlessness 11-31. The experiments were carried out 
during jet aircraft flights along a weightlessness parabola; over certain segments 
of this parabola the g-forces reached 2-2.5 for a period of 10-12 sec and weight- 
lessness lasted 17-23 sec. In each flight 4-8 parabolas were traversed. 

During the flight the test subject was held by a safety belt in the pilot's seat 
facing an experimental console [2]. During the entire flight along the weightless- 
ness parabola he was to hold onto a low-force electrodynamograph (designed by 
Ye. M. Yuganov, R. I. Utyamyshev and A. V. Yegorov) with a tension of 400 g. The 
electrodynamograph was attached to the vertical panel of the experimental console 
in front of the test subject at a hRight of 20 cm above the plane of th 
A scale covering 50 g was on the side of the electrodynamograph facing the test 
subject. The magnitude of the smallest graduation was 10 g. From these gradu- 
ations it was determined how strongly special handles on the right and left sides 
of the electrodynamograph were pressed. The length of the projecting handles 
was 4 cm. The maximum angle of displacement of the handles was about 65". 
This displacement, by means of a transmission system, actuated the disk with 
the susperimposed "force scale" and recorded variations in the electrical 
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potential on an oscillograph. I 

The test subject was obliged to keep the specified force constant for 10-15 
sec in horizontal flight before going into the weightlessness parabola, during the 
g-force period before and after weightlessness, during weightlessness, and for 
the first 15 sec of subsequent horizontal flight. The handle of the electrodynam- 
ograph was depressed by the thumb of the right hand without support. Skin elec- 
trodes were attached to the upper side of the joint of the thumb of the working 
hand in order to record the bioelectric activity of the corresponding groups of 
muscles. 

The test subjects worked according to the instruction: Wn the light signal" 
attention! weightlessness, 1' which was given in horizontal flight 10-15 sec before 
the aircraft went into the parabola, use the thumb of the right hand to press the 
handle of the electrodynamograph with a force of 400 g, while watching the scale 
of the instrument, and keep uo this force during theentire parabola. 

During the next parabola do the same thing with eyes closed. On the signal 
"attention! weightlessness" press on the handle with a force of 400 g, check this 
action visually, close your eyes and keep up this force until the aircraft leaves 

*The experimental portion of the investigation was carried out under the 
supervision of Ye. M. Yuganov. 
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the parabola and gets into horizontal flight. Stop the operation on the signal 
fffinishedft in horizontal flight. " 

600. 
500 
400 
300 
200 
/oo 

Examined were 18 males, aged 18-43. Before the start of our research 
the majority of the test subjects had participated several times in flights along a 
weightlessness parabola. Among them were the cosmonauts Nikolayev, Bykovskiy, 
Kamarov and Belyayev. One test subject was the first to participate in flights 
along a parabola. None of the test subjects had had prior experience in main- 
taining a force on an electrodynamograph; they received only orientative instruc- 
tions 15 to 30 min before take-off of the aircraft. 

/ 
- 
- 
- 
- 

The experimental results showed that it was a rather easy task for all the 
test subjects to maintain the specified static force during periodic transformation 
of the force of gravity when the taskwas accomplished under visual control. But 
when visual control was excluded, the precision with which the required force 
was maintained depended on the degree and character of the change in weight of the 
test subject's body: under g-loads a tendency was observed to increase the force 
applied to the handle of the electrodynamograph and in weightlessness to decrease 
this force (Fig. 1). Over the horizontal flight sections the test subjects maintained 
the force with sufficient precision. This precision deteriorated each time that the 
magnitude of acceleration of the force of gravity deviated from 1 g. It should be 
especially empqasized that the force changed particularly abruptly toward the lower 
side during the first few seconds of transition to weightlessness. This was true 
of the test subject who first participated in flight along a weightlessness parabola, 
even with visual control (Fig. 2). As evident from the figure, it was only a very 
short time (5 sec) before the test subject began to carry out the experimental 
mission accurately. 

- /171 

Figure 1. Graph Showing Maintenance of Force at 400 g by Test Subject 
With a Large Amount of Flying Experience Along Weightlessness Parabolas, 

With Visual Control (1) and With Eyes Closed (2). 

Given in the table are the results of a statistical analysis of the data obtained 
when the test subjects carried out the mission with eyes closed. 
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From the data of the table it is evident that the tude of the force during 
weightlessness decr as compared with the cor ing force-duxing . 
horizontal flight and ty acceleration. 

In horizontal flight the amplitude of oscillations of the biopotentials of the hand 
was minimum; it increased considerably during weightlessness (by 100-150%), 
but remained almost unchanged o r  increased only slightly in the g-force flight 
sections, This supports the data of our previously published work, in which 
the same method was used, but the test subjectswhop icipatedin i t  did not have 
experience in flying over weightlessness parabolas id not have prior fixed 
experimental motor skill [1]. The amplitude of the EMG oscillations during 
execution of the same task, but with eyes closed, was identical in all stages of 
change in weightlessness, but higher by 75-100% than in horizontal flight when 
maintaining the force with visual control. 
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Figure 2. Graph Showing Maintenance of Force at 400 g by a Test Sub- 
ject Who Was Inexperienced in Flying over Weightlessness Parabolas; 

With Visual Control (1) and With Eyes Closed (2). 

In one series of experiments the EMG of certain posture muscles of three 
test subjects was recorded, in particular of the trapezius of the neck and, for 
comparison, of €he pectoralis major. 

motor act is well known. Theposturemusculatureduring the process of human 
motor activity specific static and dynamic work that is due primarily 

ss the bioelectric activity of the posture muscles would decrease. 
This working hypothesis had been confirmed earlier [l], as was true also in the 
present experiments. A decrease in gravity to 0 g in all test subjects to a 

rison, increased some- 

The significance of the initial working posture for the efficiency of any 

t of the force of gravity. We assumed that under the conditions of 

(trapezius). The electric 

mained almost unchanged 
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Maintenance of the Required Force (in g) 

Remark. M = arithmetic mean; 0 = mean square deviation; m = mean error 
of the arithmetic mean; t = reliability factor. 

Thus, a detailed analysis of mechanograms and statistical reduction of the 
data revealed a stable tendency toward a change in the static force as a result 
of transition of the test subjects to the accelerated gravity and weightlessness 
states and during the time these factors are effective. It was found that the 
magnitude of the force reflects the overall trend of the transformation of gravity. 
When the body weight of the test subject increased, so did the force exerted on 
the handle of the electrodynamograph, if the vector of gravitational acceleration 
coincided with the force exerted; when the weight decreased, so did the force 
exerted on the handle of the electrodynamograph and the body weight. When 
visual control is eliminated, this relationship shows up even more distinctly. 

"!e facts we obtained contradict the data recorded in [2]. In the experiments 
of these authors, which were carried out under analogous conditions and by the 

, same method, in the state of weightlessness the test subjects, trying to maintain 
the specified static force, pressed on the handle of the instrument with greater, 
and not lesser force, as  in our experiments. This contradiction is of purely 
external character and is explained by several peculiarities of the experiments. In 
particular, all the test subjects were trained to maintain the force, and they 
advanced to the weightlessness tests only when the experimental skill had been 
well ingrained in them; secondly, a dosimeter was attached to the hand and could 
move along with the hand; and, finally, the test subjects were not experienced in ' 
flight along a weightlessness parabola. In our experiments the testpersonnel 
only received instructions and a familarization session on how to work by the 
method used and were adapted to the alternating effects of gravitational accele- 
ration and-weightlessness. In other words, in our work and the cited reference, 
facts were obtained as to how weightlessness affects the level of the static force 
in trained and untrained test personnel. In the trained test subjects of [Z] the 
acceptor of the action had been formed, whereas in our test subjects it had not 
yet taken shape. The presence of an ,action acceptor with reinforced kinesthetic 
components ,in all the test subjects caused a lapse of adequate stimulation during 
weightlessness, resulting in compensatory activation of the muscle groups which 
participated in execution of the experimental task. Thus, there was a lack of a 
model of the nervous stimulus, i. e., of the sensory standard which, by collating 
the standard with the structure and character of inverse afferentation, would have 

' 
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signaled that the task had been successfully c 
phenomenon was complicated by the process o 
completely obvious that proprioreception played a part in the formation of an 
action acceptor, both in the familiarization session as well as in the first stages 
of flight, when the given force was maintained under visual control. This is 
testified to by the nonuniformity of the static force during transitions from 
gravitational acceleration to weightlessness and, conversely , from weightless - 
ness to gravitational acceleration, as well as by the increase in the bioelectric 
activity of the muscles of the working hand. 

There is all reason to believe that this phenomenon is caused by a change in 
the character of the experimental activity of the test subjects. According to the 
instructions, the test subjects were to maintain a given force exactly, con- 
sciously counteracting any impulse to change this force, This was comparatively 
easy for them in the period of horizontal flight - the corresponding curves of the 
mechanograms of maintenance of forces coincide sufficiently closely with a 
straight line. In the transitional periods the mechanograms take on the character 
of a broken line; the static forces of the test subjects are complicated by dynamic 
components. It can be assumed that this explains in a certain measure the in- 
crease in the bioelectric activity of the muscles, Moreover, in connection with 
the vanishing weight it is possible that it was necessary to develop additional 
muscular force of the hand to compensate the pressure on the handle of the 
electrodynamograph, pressure which was generated during horizontal flight by 
the weight of the hand. In order to make this hypothesis more precise, we con- 
ducted a series of experiments with the arm fixed at the elbow and radiocarpal 
joints, thus preventing weight from contributing to pressure on the handle of the 
dynamograph. The results turned out the same as before, namely, the bio- 
electric potential of the muscles increased. Finally, i t  is incontestable that 
general orientative reaction to changes in weightlessness also participated in 
the genesis of this phenomenon, In other words, the reason for the increase in 
bioelectric activity of the arm muscles in our experiments is manifold. 

The affect of gravitational acceleration and weightlessness as a stress factor 
and an external inhibitor leads to a reduction of control by the test subject of the 
execution of his experimental task. It was demonstrated in the work of A, S, 
Yegorov and Yu. Z, Zakhar'yants that in the case of identical motions, the bio- 
potential of the respective muscles increased with a reduction in control by the 
test subject of the motion to be executed, forfeiting the inherent stability in the 
presence of control This position of the authors is also confirmed by our 
observations of the maintenance of force on the electrodynamograph with eyes 
closed, In this case the bioelectric activity was the same during horizontal 
flight, gravitational acceleration and weightlessness, but higher than when per- 
fbrming the same task with eyes open, whereas when performing the task with 
visual control the biopotential increased sharply only during weightlessness. 

control by the test subject when he entered the situation of alternating effects of 
gravitational acceleration and weightlessness were less habitual than the con- 
ditions of horizontal flight. 

In our experiments all conditions for performing the action without the usual 

The above-outlined characteristics of the effect of transformation of gravity 
onthemagnitude of static force has a pronounced individual character in test 
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CONTRIBUTION TO THE PROBLEM OF 
OCULOGRAVIC ILLUSION 

L. A. Kitayev-Smyk 

Disturbances of the oculomotor function during weightlessness, and also 
during the effect of small g-forces, when hemodynamic disturbances have not 
yet come into the foreground, are the most noticeable subjectively. These dis- 
turbances may lead to a considerable deterioration of one operator's capability 
of monitoring visual reference points under such conditions, because of the cre- 
ation of the illusion that they are shifting. Not accidentally, reactions of the 
oculomotor system were commented on in the very first papers devoted to the 
study of the effect of variations in weight on the human being. 

On the basis of theoretical calculations a number of authors have reached 
the conclusion that in the transition from normal gravity to weightlessness the 
sensation of falling arises as well as  seeming displacement in the visual field 
in the ttdownwardtf direction. These illusions have been called "oculogravic. 

In explaining these phenomena authors have based themselves on the tonic 
effect of vestibular apparatuses on the eye musculature. 

The significance of tonic changes of the oculomotor system in the generation 
of oculogravic illusions is confirmed by observations of a persistent image as 

upward and during gravitational acceleration downward, 
/176 gravity changes, In weightlessness the persistent image seems to be shifted - 

Objective proof that the eyeball rolls under such conditions was first obtained 
by Yuganov and his colleagues in experiments with rabbits during rocket and air- 
craft flights. The data they obtained permitted them to put forward the idea that 
the displacement of a persistent visual image, as observed by man when gravity 
changes, is caused by rolling of the eye as  a result of the tonic vestibular effect. 

A somewhat different modification of our experiments made i t  possible not 
only to determine the position of a persistent image and of a visual target during 
changes inweight, but also to observe their mutual displacement. 

METHOD 

The state of weightlessness was produced in the cabin of an aircraft flying 
along a parabolic trajectory. The activity 6f each period of weightlessness, 
25-30 sec, was preceded and followed by gravitational aeculeration (2 g's; 15- 
18 sec). 

Anaadaptometer (ADM) was used in the investigations. Three series of ex- 
periments #were carried out. In the first series the test subjects were exposed to 
a visual reference point (a cross) during the entire experiment. In the second 
series the visual reference point was presented to the test subject in horizontal 

157 



flight and was turned off 10 sec before the beginning of the first stress period, 
following which the test subject had to follow the resultant persistent image in 
total darkness throughout the experiment. In the third series the cross was 
illuminated in front of the test subject during horizontal flight; 10 sec before the 
first g-force set in i t  was turned off, and the test subject tracked the persistent 
image. In some experiments the luminous reference point was again turned on 
at the tenth second of weightlessness and in others at the seventh second of 
gravitational acceleration; the test subject was required to look at the center of 
the image. 

The BDM adaptometer prevented the luminous pattern from moving relative 
to the head of the test subject; the luminous reference point was located 25 cm 
from the eyes. In order to evaluate the angular characteristics of the visual 
field, luminous reference points within the adaptometer were used: the outlines 
of the cross (located at five angular degrees from the center of the cross) and a 
luminous point lying 12 angular degress above the center of the cross. The 
brightness of the visual reference point equalled 22 apostilbs. 

Four people participated in the experiments; two had no reactions whatever 
during weightlessness, and two had pronounced psychic reactions (a sense of 
fear, a falling sensation) when in the state of weightlessness for the first few 
times. 

/177 - RESULTS 

All  the test subjects observed similar phenomena during the experiments. 
The continuously exposed visual reference point seemed to shift downward during 
weightlessness and upward during gravitational acceleration. In the absence of a 
visual reference point the persistent image, on the contrary, shifted upward 
during weightlessness and downward during acceleration (Fig. 1). In those cases 
when the cross was illuminated during weightlessness, it was found to be located 
below the persistent image. But when the test subjects focused their attention 
on the lighted reference point, the persistent image began to fall and came into 
line with'the illuminated cross. Two test subjects noted, in addition, that they 
had the feeling "as if the persistent image caught up with the visual reference 
point, while the latter slipped away downward. ' 1  The opposite phenomena were 
noted during gravitational acceleration: when turned on the cross proved to be 
above the persistent image, and the persistent image began to rise and come into 
line with the illuminated cross. Both the test subjects who had sensations of fear 
and falling during their first exposures to weightlessness reported that the distance 
between the centerslof the persistent image and the illuminated cross was some- 
what 'greater than 12"; in the opinion of the others it did not exceed 5". 

Besides the above-mentioned phenomena, one test subject noted that at the 
instant of transition from acceleration to weightlessness, the visual reference 
point, when it was continuously presented throughout the experiment, "leaped 
upward, and only then moved downward. f f  
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Diagram of the Shift of the Visual Ref- 
erence Point (1) and of the Persistent Image (2) 
During Weightlessness (vv), Acceleration (A) and 
Horizontal Flight (H) With Natural Gravity. 
The Solid Line Represents the Position of the 
Reference Point and the Broken Line that of 
the Image; the Arrow Indicates Shift of the 

Image (or reference point). 
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DISCUSSION 

On the basis of the cited work it is possible to say with confidence that in 
weightlessness the forward pole of the eye shifts 
and shifts "downwardff in the case of gravitational acceleration, as a result of 
tonic reaction from the gravireceptors on the oculomotor musculature. Apparent 
shifts of a persistent image occur when the eyeball rolls. Up to the present 
time, however, no specific conclusions whatever have been drawn as to nature 
of the illusory motion of the visual reference points "downward during weightless- 
ness and upward during acceleration, i. e. , us to oculogravic illusion. The opinion 
that it may be caused by displacement of the eyeball as  a result of the above-de- 
scribed tonic reaction does not withstand criticism, since in such a case the point 
of optical focus would have shifted and the visual reference point would have dis- 
placed from' the center of the field of vision, which is not observed in reality. 
In the discussion of these phenomena in Graybill's papers, no more was said 
than that the aculogravic illusion is not connected with the phenomena of nystag- 
mus. \ 

tfupwardff in man and animals 

On the basis of the results of our investigations as  well as  of analyzing the 
work of other authors,' the mechanism of these illusions maybe represented as  
follows. According to the reports of the test subjects, the illuminated reference 
point, when turned on during weightlessness, proves to be located below the 
persistent image. 
persistent image to drop until i t  coincided with the visual reference point. This 
indicates that the forward pole of the eye, shifted upwards as  a result of the tonic 
effect of gravireceptors during weightlessness, drops as a result of volitional 
effort, i. e. , efferent cortical signals. Downward rolling of the eyeball by the 

Efforts to focus attention on the reference point caused the 
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forward pole is governed, apparently, by the additional force of the inferior rectus 
of the eye. Simultaneously with this action the visible object seemed, according 
to the reports of the test subjects, to be displaced downward flslipping away from 
the persistent image, 11 i. e., the optically perceived space in front of the test sub- 
jects moved downward. This, of course, could not have been caused by motion 
of the visual image over the retina; in our  opinion, it is incident to the fldisplace- 
merit" of the cortical image of the optically perceived ambient space, the reasons 
for which may be, first, the effect of inverse afferentation from the proprio- 
ceptors of the inferior rectus of the eye, reflecting its supplementary force, and 
second, the direct effect of afferentation, change under the conditions of weight- 
lessness, from the gravireceptors on the optical centers of the cortex. 

Evidence for the direct effect of information from the gravireceptors, changed 
during weightlessness, on the higher nervous centers is provided by the fact that 
the action of this information causes not only apparent uniform dislocation of the 
visual reference points, but also, as demonstrated by our experiments, illusory 
distortion of their shape. The distortion occurs because elements of the visual 
pattern upon which attention is focused remain fixed while the elements located 
to the side of the focus point shift. This phenomenon cannot be explained only as 
a result of a change in inverse afferentation from the oculomotor system o r  as a 
result of nystagmus; without doubt it is a result of disturbance of the central 
integrative functions of vision. It must be noted that vertical nystagmus may occur 
in man because of the effect of the cancellation of gravity and may play a certain 
part in the genesis of optical illusions. Evidence of the presence of nystagmus 
during weightlessness is provided by the reports of the test subjects that visual 
objects ffflickerlf during weightlessness, and also by the nystagmoid vibration of 
the eyeballs during weightlessness which we observed in individual test subjects. 
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Testifying to the significance of the central nervous system in organizing 
optical illusions is the fact that in our-investigations as  well as  in those of other 
authors the oculogravic illusions were subjectively noticeable only in darkness, 
and in this case damping develops in the cortex of the cerebral hemispheres, i. e. , 
its regulating function is weakened. 

The character of the eyeball motion which compensates the gravireceptor tonic 
reaction depends on the shape of the visual reference point, in particular, on the 
presence of a focal point in the field of vision. A proof of this are  the interesting 
facts obtained by Yuganov and others in flights in which short-term weightlessness 
was produced j28-30 sec). A tendency was observed to shift the center of the 
pupil upward in the case of g-loading and in the opposite sense to the level of 
horizontal flight or even lower in the case of weightlessness. 

In our opinion these data indicate that the compensatory force of the inferior 
eye muscles counteracting the gravireceptor tonic reaction may be superfluous. 
Such "overregulation" occurred because the visible reference point was not fixed 
in view at the time of its illusory displacement of the ambient space during a 
change in gravity. 

The intensity of the oculogravic illusions depended to a significant degree on 
the individual peculiarities of the test subjects. According to our data they were 
more pronounced in people who experienced a strong sense of fear and falling in 
their first acquaintance with weightlessness. In comparing Yuganov's data with 
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the results of our examination, during weightlessness, of the test subjects who 
participated in his tests, it was found that strong dislocations of the pupil during 
a change in gravity occurred in people who had more pronounced psychic reactions 
on the occasion of their first exposure to weightlessness. 

Without examining in greater detail in this section the mechanisms by which 
vision is disturbed during changes in gravity, let us recall the work of Shone 
who, on the basis of his investigations using a centrifuge, asserts that the mag- 
nitude of vertical displacement in the case of oculogravic illusion does not depend 
on the pressure exerted by the otolith organs of the utriculi on maculae. Accord- 
ing to his data, the magnitude of the displacement is €ound to be in correlational 
agreement with the degree of slope of the tiny sensitive hairs of the otoliths. 

Thus, the data of the present investigation, as  well as  the studies of other 
authors, make it possible to assume that oculogravic illusion in weightlessness 
occurs under the effect of inverse afferentation, signaling changes in the 
oculomotor system, the changes compensating the tonic effect of gravireceptors 
on the system. During weightlessness an oculomotor reaction (with a downward 
displacement of the pupils) is possible which is opposite to the reaction from the 
gravireceptors that arises under such conditions; the motion of the eyes, with 
downward displacement of the pupils, is a consequence of excessive compensation 
of the gravireceptor tonic reaction. More pronounced oculogravic illusions occur 
in people who have a tendency to psychic reactions under these conditions (sense 
of falling, of fear). 
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OPTICAL ILLUSIONS IN MAN IN THE CASE OF WEIGHT- 
LESSNESS AND OF THE COMBINED EFFECTS OF 

WEIGHTLESSNESS, ANGULAR AND 
CORIOLIS ACCELERATION 

L. A. Kitayev-Smyk 

During space flights the character of spatial perception, including optical 
perception, will be affected not only by changes in linear acceleration, weight- 
lessness, but also by angular and Coriolis acceleration against a background of 
changed gravitation, in which it is found that angular and Coriolis acceleration 
lower the quality of work by a human operator during weightlessness to a greater 
degree than does normal gravity. 

Given in the present report are the results of research into human perception 
of plane figures in the case of weightlessness and under the combined action of 
weightlessness, angular and Coriolis acceleration. 

METHOD /181 - 
The state of weightlessness was produced in the cabin of an aircraft flying 

along a parabolic trajectory. 

During horizontal flight with natural gravity, during g-loading and weight- 
lessness the test subjects were presented (one each) the patterns shown in Fig. 1. 
The angular size of each pattern was 7", while that of the point was 28 min. The 
experiments were performed in darkness; the patterns were illuminated and were 
placed at a distance of 100 cm from the eyes of the test subject. During daylight 

50 cm from the test subject. The head of the test subject was held vertical with 
respect to the aircraft. The figures were presented at eye level. The test sub- 
jects were able to note the duration of illusory perception by pressing a button, 
which was registered by an automatic recorder. After each experiment the test 
subjects gave a detailed account of the observed changes in shape and the dis- 
placements of the figure, or individual parts of it, After the flight they prepared 
a written account, if possible illustrating i t  with sketches of the changes in the 
visual objects noted at the respective times. 

/182 black figures centered on a 30 em square were presented at a distance of - 

Participants in the experiments were 28 persons, 20 in the experiment in 
darkness and 17 during daylight. Each test subject participated in experiments 
of 6-30 weightlessness periods. 

The combined-action experiments, with the test subject exposed to weight- 
lessness, angular and Coriolis acceleration, were carried out with 6 men in 
whom stable optical illusions were observed in preliminary experiments. 
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0 fixed attention 
Figure 1. Examples of Optical Illusions Occurring During 
Weightlessness When Considered Casually (a) and When 
Considered With a Fixed Stare and Concentrated Atten- 

tion (b). 

The angular and Coriolis accelerations were produced by means of a ro- 
tating seat, containing the test subject, installed in a darkened portion of an 
aircraft, A screen fixed to the seat was set up vertically in front of the test sub- 
ject; on the screen was presented an illuminated image of one of the figures 
shown in Fig. 1. The effect of angular acceleration was created when the con- 
tinuously rotating seat was stopped; Coriolis acceleration occurred when the test 
subjects lifted their heads, which had been bent forward, during uniform rotation, 
In all tests the speed of rotation was 30 rpm. The test subjects lifted their 
heads for about 0 .5  sec; the time of slowdown td stoppage of the seat was 0.5 
sec. 

Linear acceleration was produced when the test subjects moved ffverticallyf 
upward or downward during weightlessness, This created a state of partial 
weightlessness, positive or negative, equal to approximately 1 g and lasting 
about 1 sec. Each test subject was subjected to 6-10 experiments. 
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RESULTS 

Of the 28 people who participated in the experiments, 19 noted a change in 
the observed objects during weightlessness. The reports of these people were 
rather varied, but from among the various illusory phenomena i t  is possible to 
single out individual characteristic types of illusions: 1) an increase in the size 
of the entire figure; 2) illusory motion of the entire figure; 3) distortion of the 
figure as a result of an increase of motion of its individual parts; 4) a change in 
the color intensity of the entire figure o r  parts of it; 5) the appearance of a violet 
halo around the illuminated figure. 

As reported by the test subjects, the illusions occurred with the onset of 
weightlessness. The various types of illusions nsr.2 of differing duration. Ac- - /183 
cording to the button-pressing records, the illusions appeared either during the 
period of decreasing weight or  during the first second of weightlessness. In the 
experiments in which wqightlessness was produced immediately after the 
natural gravity state and g-loading did not precede weightlessness, the illusions 
were of the same nature as  when weightlessness set in after g-loading, but were 
less sharply pronounced. 

Twelve people reported apparent increase of the figures under weightlessness. 
Of these 4 reported uniform increase of the figures, 5 reported increase only in 
the vertical direction and 3 that the figures seemed to grow in size during ver- 
tical flight, but that their horizontal dimensions seemed to decrease, i. e. , the 
figures seemed stretched vertically and narrow. According to the accounts of 5 
of the 12 test subjects, individual elements of the figures (broken lines) became 
somewhat thicker during. weightlessness; 5 observed fluctuating expansion of the 
figures under the same conditions. 

throughout the period of weightlessness; they reappeared frequently in succeeding 
experiments, in many flights. 

Illusions of the described type were rather stable and were maintained 

Thirteen men noted that the visible object blurred, or that a lfloopf' o r  "tail, I' 
in the downward direction or on either side of the figure appeared. But this 
phenomenon recurred several times in only 3 men being observed over the en- 
tire period of the experiment. Similar illusory blurring of the figure was observed 
by the remaining 10 test subjects only in the first 3-5 sec of weightlessness, and 
blurring ceased to occur from the 3rd to 7th period of weightlessness. 

Seven people reported that they observed a smooth downward motion of the 
entire figure or parts of it under weightlessness, but this did not result in dis- 
integration of the figure, When the view was focused on a certain part of the 
object, this part became stable, but the other parts continued to move, It 
seemed to three test subjects that the visible image jum;>ed upward abruptly during 
the transition from g-loading to weightlessness and from weightlessness to sub- 
sequent-loading . 

Four test subjects noted a decrease in brightness of the figure with the onset 
of weightlessness. In the case of fixed attention and view focused, the brightness 
of the object, on the contrary, increased at the focal point, but at some distance 
from this point the brightness was reduced. 
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Four test subjects observed doubling of the visual image under weightless- 
ness. 

Various illusory phenomena were frequently formed in the same test subjects, 
and as a result apparent distortions were observed; thus, the Wertical figure" 
took on a sigma shape, a circle appeared to be similar to a "pear, f f  a ffsquareff 
was transformed into a flrhomb, etc. 

1'184 Some test subjects remarked that an illusory decrease in the size of the - 
visible figures occurred during g-loading; i. e. , phenomena which are opposite 
in nature to the illusions observed in weightlessness. 

In the experiments carried out in darkness, the appearance of stable illusions 
was more frequent than in the daylight case. 

The illusions appeared brightest at the beginning of the first period of weight- 
lessness. Their intensity decreased on repeated exposure to weightlessness. 

It is interesting to note that the above-described illusory distortion of figures 
was observed only by people who in their first few exposures to weightlessness ex- 
perienced the illusion of falling, accompanied by a sense of fear, although the 
sensation of falling had ceased to appear in the majority of them by the time of 
the present experiments as a result of adaptation to weightlessness. More pro- 
nounced and stable illusions were found in people who, exposed to weightlessness 
for the first time, experienced a more intense illusion of falling and a strong 
sense of fear. People who had experienced other spatial illusions, e. g. , upside- 
down position, side-eying position, upward lift, etc., did not note figure distor- 
tion in weightlessness. 

Four of the people who had not observed any displacements or changes in 
shape of the figures during the experiments reported that during weightlessness 
they saw a broad violet halo form around the illuminated figure, and one test 
subject felt that a greenish-bluish halo formed. Illusions of this type persisted 
during the entire period of weightlessness, being repeated in many experiments. 

The optical sensations in response to the effect of linear, angular and Coriolis 
acceleration were similar for each form of acceleration in all 6 test subjects. 

When a human being is subjected to linear, vertical acceleration, positive 

Angular and Coriolis acceleration and their after effects during weightless- 

or  negative, during weightlessness, the optical illusions disappear. 

ness, by aggravating the illusions, may cause additional distortion and motion 
of the observed figures. 

During angular acceleration and the period of its aftereffect, the test subjects 
noted that the figures flickered, the entire figure expanded rhythmically, individual 
elements of the figure diverged to the sides and moved rhythmically (rotated, 
tilted), with particular intensity at the point of focus, resulting occasionally in 
complete disintegration of the figure; also observed was an increase in the hori- 
zontal dimensions of the figure and all i ts  parts, motion of the figure, either 
smoothly o r  jerkily, to the side opposite to body rotation. 

165 



Typical illusions occurring under the effect of Coriolis acceleration were 
inclination or  rotation of the entire figure and chaotic motion of individual, 

at the focal point in the case of fixed attention. 
/185 , broken-line elements of the figure, blurring of the elements, and expansion - 

DISCUSSION 

Upward motion of visible objects with decreasing gravity, in our opinion, 
may be a result of lowering of the crystalline lens due to weakening of Zinn's 
ligament, because of intensification of the accommodation effort of the ciliary 
muscle. 

Evidence of an increase in the accommodational capabilities is provided by 
our discovery, during weightlessness, of the approach of "near, f f  and especially 
of "very near" points of clear vision. Symptoms of myopia were also observed 
in studying eye refraction in test subjects who considered objects at a distance 
of 8 m during weightlessness. Tension of the ciliary muscle is, probably, a 
result of the parasympathicotropic effect of weightlessness, which was detected 
both during prolonged (Gazenko, Bayevskiy) as  well as short-term ('Kitayev-Smyk) 
action. 

Intensification of accommodation doubtlessly causes compensational effects. 
As is well known, inverse afferentation in this case informs the consciousness 
of signals that the visible object has either expanded or receded, In our experi- 
ments, when the aircraft cabin was perceived constantly, the test subjects 
perceived these signals during weightlessness as  evidence of the expansion of the 
visible objects. When extra-cabin objects known to the observer were examined, 
the attenuating accommodation will lead to the illusory perception that they 
are moving away. The correctness of our assurmption has been proved in 
actual space flight by MacDivitt, to whom the distance to the carrier rocket, 
visible through an illuminator, seemed to be 5 times greater than i t  was in fact. 

Illusory 11magnification-recession"l may also be caused by additional effort 
toward divergence of the eyes when the angle of vision at which the object is 
sighted does not change. However, as  demonstrated by our determination of the 
nearest point of binocular vision, this is not observed during short-term weight- 
lessness. On the contrary, we observed weakening of convergence, which must be 
compensated for by reinforcing convergence in order to keep the angle of incli- 
nation of the optical axes constant. It is known that illusory approach or  de- 
crease in size of a visual object occurs when vestibulary stimuli result inadditional 
forces of convergence. Consequently, during weightlessness two stimuli of 
opposite effect operate to affect perception of the surrounding space. Intensifica- 
tion of accommodation and the necessity j of compensating for it may lead to illusory 

- ffmagnification-recessionvf of visual objects, while a decrease of convergence and 
of its compensation lead to illusory 9wIuction - approach" of these objects. As 
shown by our experiments under short-term weightlessness and the observations 
of MacDivitt under the prolonged effect of weightlessness, the ,first illusion gains 
the upper hand, Probably the considerable difficulties of MacDivitt in determining 
distance in space are explained by competition between the two influences. 

was reported on the basis of analysis of oculograms ,taken from the1 cosmonauts 

/186 - 

Interruption of the functions of the oculomotor system during weightlessness 
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in flight. This.is also testified to by the doubling of the visible image described 
in the present paper. 

Insofar as the mechanisms of the other illusions observed in our experiments 
are concerned, only assumptions can be made here too. It is possible that the 
appearance of the violet halo during weightlessness is a result of chromatic aber- 
ration when accommodation is intensified. 
what related to the illusions observed by several people which may be explained 
as variations in the peripheral sections of the optical analyzer. 

The occurrence of myopia may be some- 

The illusory distortions of figures observed in the absence of gravity are 
doubtlessly attendent upon changes in central mechanisms. 

Various distortions of optically perceived space were described during the 
action of stimulating and inhibiting effects applied to various levels of the vesti- 
bular and cutaneous muscle analyzers. 

According to the data of Merkulov and Zhabotinskaya, patients with affected 
reticular formation of the stem without ocular pathology complained of apparent 
scintillation, pulsation o r  vague fluctuating vision of objects. 

When damage is incurred in the region of the posterior longitudi a1 fasciculus, 
patients are afflicted with "Pieck's illusion"; it seems to them that 11s are bend- 
ing out, and that people around them can pass through the walls into t ' e next rooms 
(cited after Sing and Bruckner). It is believed that in such cases ther is a lack 
of correspondence between optically and vestibularly governed percept on of space 
as a result of attenuation or  interruption of pulses from the vestibular apparatus 
to the nuclei of the oculomotor nerves. 

Many reports are available on the occurrence of optical illusions s'milar to 
those described in the present paper when certain sectors of the cortex tg f the 
cerebral hemispheres are stimulated directly o r  destroyed. In this respedt of 
special interest is the temporal-parietal region of the cortex. When it is stimu- 
lated by electric current during an operation, familiar objects seem to the 
patients to be frightfully distorted, approaching o r  receding, Hoff and Kamh re- 
ported that a patient with a skull defect in the parieto-occipital region on the 'left, 
when the skin was cooled at the defect point with ethyl chloride, observed the 
entire visible space to be shifted to a side opposite to the damaged side, letters 

', 

\ 

appeared to be distorted and piled up one on the other. I 

/187 
7 

Characteristic of people with a diseased center in the temporal lobe, the 
region of vestibular representation, are illusory, fantastic distortion of visible 
objects and their-apparant plurality, as well as motion and pulsation; the dis- 
tortions may be provoked by cooling the neck and the pluraity by vestibular 
nystagmus. 

The cited facts indicate the special part played by the temporal-parietal 
cortex in organizing the process of optical perception when the latter is coordi- 
nated with information arriving from the vestibular and cutaneous muscle ana- 
lyzers. 

In Petzl's opinion, field 39 (the inferior parietal region) is the seat of 
mechanisms whose significance is found to consist in suppressing superfluous 
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pulses coming from the vari afferent systems (especially from the vestibular) 
into the visual sphere. When these superfluous pulses penetrate the sphere, the 
acuity of optical perception is disturbed. The same opinion is supported by the 
work of Hernandes - Peon, who used electrophysiological methods of investi- 
gation, arriving at the conclusion of the existence in the human brain of an entire, 
system of filters which prevents hyperactivity of the sensory nervous and, thus, 
prevents excessive bombardment of the brain by afferent pulses. 

On the basis of numerdus experiments with animals, Khananashvili also 
confirms the fact that the lfposterior section of the parietal region (field 7) in 
higher mammals has a definite significance in the process of interaction be- 
tween different cortical analyzers. This region promotes the normal flow of 
nervous processes which take care of complex analysis and synthesis of optical 

, and acoustic stimuli. " 

Thus, based on the cited literary data, it can be assumed that the optical 
illusions described in this paper, occurring in a number of people in the initial 
period of the effect of weightlessness, are of gravireceptor, primarily labyrinth 
origin and take place against a background of change of the central, possibly of 
the corticofugal influences regulating the influx of gravirecptor afferentation and 
coordinating t 's activity with the optical analyzer system. It does not seem 
possible at the present time, due to the lack of the necessary experimental data, 
to localize th e variations, to establish how high up in the cerebral system they 
occur, i 
t 

As a codfirmation of the expressed opinion concerning the central mechanism 
by which thi? interruptions of vision described in this paper occur let us cite the 
fact that in the present paper as well as  numerous investigations of an f*oculo- 
gravic" illu ion similar in origin to the phenomena described here, interruptions 
of optical rception took place only when the force of gravity was changed in ' 
darkness when, as is well known, slowdown of the cortical functions is observed, 

/188 
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Without going into detail in the present report on a discussion of !he reasons 
why op cal illusions were noted only by people who, making their first acquaintance 
with w ightlessness, experienced sensations of *'falling", %ollapse", fear and 
disor P entation, replaced by varying degree of euphoria, let us recall how these 
senFations are similar to the "end of the worldff syndrome described by Shmar'yan 
in people whose temporal cerebral lobes have been damaged. Typical of such 
patierits is also the feeling of "fallhg into an abyssff, accompanied by disorienta- 
tion. ' Euphoria, with the phenomenon of sensory disintegration, has been observed 
in patients having tumors of the temporal lobe with ,simultaneous damage to the 
diencephalic region. 

It is also known that when people who experience sensations of falling and 
fear at the beginning of weightlessness are repeatedly exposed to these conditions, 
they have, as  a rule, no vegetative disturbances, in contrast with test subjects 
who, during weightlessness, had no emotional reactions, optical disturbances and 
did not suffer from vegetative disruptions, These characteristics permit us to 
assume that there exist groups of people whose sensory interrelationships differ 
in character under such conditions. 
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the point of focus. 
assumed that in the 

deepens the conflict between the optical and vestibular information. 
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Physiological- Hygienic Evaluation of the Life- Support Systems 
* 

G.T. Voronin, A.M. Genin and A. G. Fomin 

The physiological-hygienic requirements imposed on tkie life-support systems 
of the spacecraft Vostok and Voskhod were formulated while designing the craft 
and were amended in laboratory and test-stand trials. In determining the basic 
parameters of the artificial atmosphere and in selecting the overall arrangement 
of the life-support system we took into account the planned flight conditions and 
the possible emergency situations. 

The flights of the first Vostok spacecraft were calculated for comparatively 
brief orbital periods, but a t  the same time provisions were made for using 
craft of the given design for longer flights. Alko planned for was the possibility 
of an emergen situation in which the duration of the flight could be increased 
to 7-12 days w th constant increase in air  temperature and in safeguards in the 
cabin of up to 35°C. 

and of the o lr currence of abrupt barometric pressure gradients in case of emergency 
ejection of t 'e cosmonauts during the orbital injection phase. 

In this context the air regeneration and conditioning systems and the nutrition 
and water supply systems in the spacecraft were constructed on the basis of a 
12-day fli / ht supply for one cosmonaut in a sealed cabin. In the case of emergency /190 
depressurization of the cabin provisions were made to use a rescue suit during the 
time r e  ired to choose a favorable touchdown site and to land the spacecraft. 

Moreov r, the'possibility was not excluded of depressurizing the cabin in flight 

I order to develop life-support systems it is necessary first of all to establish 
' the &.! ries of the average daily as  well as the minimum and maximum human energy 

expen ed under spaceflight conditions. This in turn determines the magnitude of 
the ga :'s exchange and makes i t  possible to estimate the human nutritional require- 

7: 
In view of the fact that at the time when the life-support system of the Vostok 

was constructed, no experimental data existed on the ef$ect of the complex of 
spaceflight factors on human energy expediture and gas exchange, it was 
necessary to use indirect data obtained by reproducing the nature and volume of 
the proposed cosmonauts activity under laboratory conditions, simulating con- 
finement in a spacecraft cabin. 
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For this purpose we set up 15 
cabins, simulatfng the 
flight. As the test sub 
height 166-173 em; the 

Vostok in suits which were ventilated by theair in the cabin with an air flow rate 
of 50-200 l/min; the temperature of the air  and the safetydevices in 10 experi- 
ments was 20+2". In five experiments lasting 12-13 days the air  temperature 
gradually rose to 35O. The gas exchange, energy expenditure, and moisture 
extraction were investigated in all the experiments on the basis of the results 
of an analysis of the regenerated materials and of the drying agents and in part 
of the experiments the study was duplicated by Douglas-Holden measurements. 
In addition, special experiments were conducted in which the energy expenditure 
of the test subjects and of the cabin equipment was determined by the direct 
calorimetric method. 

In seven experiments the test s 

As a result of our investigations we obtained the following data: 

- average daily oxygen requirements: 480-530 2; 

- average daily COS liberated: 390-430 2; 

- average daily moisture generated: 980-1120 (at an air  temperature of 
15-22'; 

- average daily heat produced: 2310-2250 kcal; 

- maximum energy expended while awake: 228 kcal/hr; 

- maximum energy expended while sleeping: 70 kcal/hr. 

Studies Q€ the gas exchange and energy expenditure of the cosmonauts Yu. A. 
Gagarin, 6, S, Titov, e t  al., were made in mock-up of the spacecraft and yielded 
analogous results. 

Of course, in carrying out the above-enumerated experiments, weightless- /191 
r 

ness and emotional stress of the cosmonauts attendent upon the unusual status 
of the first flights were not reproduced, However, these figures can be taken 
approximately as a basis for designing life-support systems while providing for a 
reserve in case of unforeseen circumstances, Moreover, the first brief space- 
flights were to apply a known correction to the calculations, 

Food rations were worked out simultaneously with the experiments aimed at 
determining the gas exchange and the energy expenditures. Investigated were the 
basic biochemical indices of the metabolism of the test subjects and cosmonauts 
under simulated spaceflight conditions. It was found that the organism has a 
higher requirement of proteins and vitamins. 

- 

The food ration in the Vostok spacecraft consisted of two portions, The first 

0 g/day, fat content of 85 g/day, 
part of the ration was intendedto 

was intended for the planned duration of the flight; the calorie intake was 2500- 
2700 kcal/day with an average protein content o 
and hydrocarbon content of 300 g/day. The se  
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be used in an emergency situation, when the length of the flight might be extended. 
The calory intake of the emergency ration was 1450 kcal/day. 

The make-up of the food ration underwent some modifications from flight to 
flight; the reason for the modifications was to partially replace the paste-like 
food preserves, which constituted the main content of the Vostok and Vostok-2 
ration, by natural food products in all the subsequent spacecraft, 

The water-supply system was calculated for a total water requirement (in- 
cluding the water contained in the food products) of 2200 g/day, which in the 
laboratory experiments considerably surpassed the amounts necessary to main- 
tain the water balance of the test subjects and cosmonauts, 

Regeneration systems for the air conditions of the Vostok and Voskhod space- 
craft were based on the amounts of oxygen and absorbents taking up the water 
vapor and CO of low partial pressure, A certain portion of the moisture was 
extracted fro& the air of the cabin and condensed on the surface of the heat-ex- 
changer. The oxygen was preserved in the chemically bonded state in the form 
of alkali metal peroxides. The use of chemically bonded oxygen was based on the 
idea of achieving high system reliability at relatively favorable weight characteristics. 
By absorbing moisture the superoxides liberated oxygen, and the generated alkali 
absorbed C02. Silica gel impregnated with lithium chloride and activated carbon 
were used as supplementary drying agents, Other gaseous products of metabolism 
were brokendown and absorbed by the regenerative substances and by special filters, 

The magnitude of ventilation through the regeneration system was calculated 
to maintain the CO concentration at the level of 0.5-1% at a C02 generation rate 
by one cosmonaut of 20 l/hr. With due regard to the depreciation in absorbence of 

/192 - 
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the material as  it is used, the magnitude of ventilation was established at 50 l/min 
for the Vostok and 180 I/min for the Voskhod. 

Since the air-conditioning systems of the Vostok and Voskhod differed but 
slightly from each other, they can be examined as  to components and arrangement 
using the single block diagram given in Fig, 1. The system consisted of four 
basic functional units: 

- automatic maintenanceof the requiredgasesous composition of the air in the /193 - 
cabin; 

- automatic maintenance1 of the prescribed air  humidity in the cabin; 

- automatic maintenance of the necessary temperature oonditions; 

- control of the basic parameters of the gas medium in the cabin, 

The unit for automatically maintaining the necessary composition of the gaseous 
medium of the sealed cabin incorporated the following elements: 

- two ventilators with electric drive; 

- regenerator with regulator; 

- antidust filter and noxious impurity filters. 
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Figure 1. Block Diagram of the Regeneration and Air-conditioning 

1-Ventilator; 2,3,4-Regenerator with Regulator; 5,6-Dehumidifier; 
7,8--Stopcocks with Manual Control; 9-Automatic Stopcock; 10-Liquid- 
A i r  Heat Exchanger; 11-Radiator Screen; 12-Effector Mechanism 
(screen drive) ; 13-Amplifier; 14-Temperature Control; 15-Tempera- 
ture Gauge; 16-Humidity Indicator and Meter; 17-Pressure Meter; 
18-Temperature Meter; 19-Instrument Panel; 20, 21, 22, 23- 
Telemetry Pickups: Pressure, Temperature, Humidity; 24,25, 26-02 
and COz Gas Analyzers; 27-Noxious-admixture Filter; 29-Tempera- 

ture Regulation Unit, 

System of the Spacecraft Vostok: 

In order to ensure a continuous air flow through the regenerator, a dual, 
electrically driven ventilator is used in the system. The inclusion of two ven- 
tilators considerably increased the reliability of the system. In the case of 
failure of the main ventilator, the reserve ventilator is automatically switched 
in, 

e-- 

By means of an air collector the a i r  flow from the ventilator is distributed 
through all the lines of the regeneration system, 

The regenerator and the regulator were combined into a single unit, The 
regenerator was in the form of a metallic container holding the regeneration agent 
with an oxygen supply for the entire planned flight period. A filter was mounted 
at the outlet from the regeneration unit. The regulator, which was designed to 
maintain a certain oxygen concentration in the gas environment of the cabin, in- 
cluded a distribution value with a sensitive element reactive to the change of 
partial oxygen pressure in the cabin. 

173 



Since the zone of tolerable fluctuation of the partial oxygen pressure in the 
inhaled air is sufficiently broad, no rigid requirements were imposed on the 
regulator with respect to a dec 
oxygen concentration during re simplification 
of the regulator design and appreci 
lator as well as  of the system as a 

in the 

of the regu- 

Since only a part of the moisture liberated by a human being during active 
work is absorbed by the operation of the regeneration unit, an additional drying 
unit was planned in the system to remove the excess moisture from the air. The 
task of this unit was automatic maintenance of the prescribed humidity of the air 
in the sealed cabin, The dehumidifier unit incorporated the following components: 

- two capsules filled with the drying agent; 

- an automatic tap; 

- two manually operated taps; 

- a device for collecting the condensate in the heat exchanger; 

- a humidity indicator, 

The first capsule was connected to the air  collector.of the air supply system, - /194 
which had a calibrated aperture. A constant flow of air  is established through the 
dehumidifiers, and it is actuated together with the entire system, 

The second capsule of the drying system is connected to the collector of the 
air  regeneration system by pipes, An automatic and manual taps were installed 
in the air  supply lines. The flow of air through the unit was regulated by an 
automatic indicator and manually, 

The volume of the first absorptive capsule and the magnitude of air ventilated 
through it were designed so as to allow absbrption of all the moisture liberated by 
a cosmonaut while resting and under comfortable temperature conditions (40-50 
g/hr), minus the moisture absorbed by the regenerator. 

At the same time the relative humidity level in the cabin must not exceed 
70%. If the moisture liberated by the occupant increased in the case of accidental 
rise in cabin air temperature or for any other reason attendent upon emotional stress 
or  active work, the air  humidity increased and the second, reserve dehumidifier 
automatically cut in. Upon an accidental increase in a i r  temperature, when a 
considerable portion of heat was released as  a result of evaporation of perspriation, 
the cosmonaut could manually open taps , appreciably increasing ventilation through 
the dehumidifier. This made i t  possible to maintain heat balance when the air  
temperature increased to 35". 

fiers and regeneration capsules, and also the moisture capacity of all aggregates 
the basis of a calculation of the 
to maintain the most favorable 

conditions for the cosmonauts and emergency situations, 

The relationship between the magnitude of air  ventilation through the dehumidi- 

were determi 
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The unit for autqmatic maintenance of the given temperature schedule 
sisted of two circuits: one, an air circuit opened out into the 
sealed cabin and a liquid one, closed to heat radiation. The 1 
on the outer surface of the spacecrdt. 

Contact between the two circuits was established by means of a liquid-air 
heat exchanger located inside the cabin. 

The components of the heat-regulation system which were installed inside 
the cabin of the spacecraft included: 

- a liquid-air heat exchanger; 

- electrically driven ventilator; 

- automatic temperature regulator. 

The greater part of these components was combined structurally into one 
/195 unit, in which the ventilator, the heat exchanger with the device for collecting - 

the condensate, and the automatic temperature regulator were mounted. 

The automatic air-temperature regulator consisted of a sensitive element 
and a drive mechanism which, depending on the temperature set on the adjuster 
by the cosmonaut, changed the amount of air flowing through the heat exchanger. 
The accuracy with which the air  temperature could be maintained was -1-1.5". 

Also installed in the cabin was an emergency heat-regulation system, based 
on evaporation an a i r  circuit, opened. The system was activated when the air tem- 
perature in the cabin accidentally reached 35= 

The unit for control of the parameters of the gaseous medium in the cabin 

- automatic O2 and C 0 2  gas analyzer; 

- air  humidity meter; 

consisted of the following: 

- air  temperature gauge; 

The arrow indicators of all these instruments were mounted on the cosmonauts 
instrument panel, 

In order to observe the air  regeneration and conditioning system, and also to 
monitor the state of the cabin's gaseous medium during' flight, the system was de- 
signed for radiotelemetric check of the basic parameters characterizing the 
operation of the system aggregates and the state-of the artificial atmosphere. 

regeneration and conditioning system even when it was necessary (in emergency 
situations) to make a correct decision as  to mainttenanceiof the necessary con- 
di tions. 

All this information permitted timely analysis of the functioning of the air  
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of the experiments was 1-15 days. The conditions under which some of the experi- 
ments were conducted were as  close as  possible to flight conditions. 

made, flight models of the systems were also tested in spacecraft-satellites 
with live animals on board. 

After the series of laboratory tests and the appropriate improvements were 

A l l  these experiments made it possible to determine the features of the sys- 
tem, its operating schedules and the possible characte.? 4 changes in the param- 
eters of the gas medium as a function of the duration of the experiment and the 
heat conditions. 

Simultaneously we studied problems concerning the state of a human being 
during prolonged confinement in the closed space of a sealed cabin in the case 
of an artificial gas medium produced by the regeneration system and also the air 
conditioning. 

/196 - 

The environmental conditions prevailing in the mockup of the Vostok while 
conducting these experiments were characterized by the followinglimiting values 
for the basic parameters: 

Experimental time, days 
Figure 2. Nature of the Variation of the Environmental Gas Parame- 
ters in the Sealed Cabin of a 

E 
P-Pressure of the Gas Environment, mmHg; T-Temperature of the 
Gas Environment, "C; cp-Relative Humidity; 02-Oxygen Concentration, %; 

C02-Carbon Dioxide Concentration, %. 

Mockup During a F'rolonged 
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- barometric pressure: 740-900 mm Hg; 

- air  temperature: 15-35"; 

- relative humidity: 32-75%; 

- O2 concentration: 21-33% (150-300 mm Hg); 

- C 0 2  concentration: 0.3-1% (2-9 mm Hg). 

For purposes of illustration Fig. 2 shows a graph of the variation of the 
parameters of the gas enviroment in a 13-day control experiment. 

The experiments we conducted led us to believe that prolonged confinement 
of a human being in the Vostok cabin while clothed in a space unit would not cause 
appreciable changes in the physiological functions. 

In all the experiments the state of the test subjects remained satisfactory. 
Insofar as the cardio-vascular system and respiration are concerned, no appre- 

raised to 35". The body temperature of the test subjects fluctuated in the range 
36-37". Throughout the experiments the test subjects reacted adequately to 
stimuli and carried out the tasks set by the experimenters accurately and timely. 

According to the data of the medical examination, the state of health of the 

/19a ciable changes were observed even when the air temperature was intentionally - 

test subjects after the experiments was declared to be satisfactory. 

After carrying out the final series of tests, the life-support systems were 
authorized for the first flight of man in space. In accomplishing this flight the 
system functioned on the earth and in flight for a total of 5 hours, Within this 
period the environmental gas parameters in the airtight Vostok spacecraft- 
satellite cabin varied in range: 

- pressure: from 750-755 mm Hg; 

- temperature: from +19 to +2OoC; 

- humidity: from 62 to 69%; 

- O2 concentration: from 21 to 22%: 

- C02 concentration: from 0.4 to 0.6%. 
A91 system components functioned without failure. 

The subsequent prolonged flight experiments on Vostok spacecraft confirmed 
our conclusions. The system successfully supportkd the flights of the Vostok 
spacecraft with the pilot-cosmonauts G. S. Titov, A. G. Nikolayev, P. R. Popovich, 
V. F. Bykovskiy and V. V. Tereshkova. I 

the regeneration and air-conditioning system functioned 
ded the necessary conditions in the cabins of Vostok-2, 
Vostok-5, and Vostok-6. 
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Operational control of the systems in 
monauts did not have to resort to manual 
which they adjusted in accordance with th 

Of all the flights accomplished, the longest was that of 
monaut V. F. Bykovskiy. 

Since the length of faultless operation is the most important characteristic 
for evaluating the regenerating and air-conditioning system, we can restrict 
ourselves to an analysis of the functioning of the Vostok-5 system and can con- 
sider the graph showing the .variation of the environmental-gas parameters in the 
cabin for this flight (Fig. 3). 

reached a value of 29% (226 mm Hg) toward the end of the second day. Subsequently, 
during the rest of the flight, the 0 2  concentration did not exceed this value and 
varied in the limits 28-29%. 

As follows from the graph, in the first two days the O2 concentration rose and 

olutions 
'Figure 3. Nature of the Variation of Environmental-Gas Param- 
, eters in the Airtight Cabin of Vostok-5 with the Cosmonaut V. F. - 
P-Pressure of the Gaseous m, mm Hg; TA,Temperature, "C; 

<p .-I Relative Huddity; 02-hygen Concentration, %; C02- 

Carbon ]Dioxide Concentration, %. 

ried in the limits 0,24- 
0.. 57 
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The nature of 

Thus, during the flight the parameters of the ambient medium in tbe.air- 
tight cabin of Vostok-5 keptFi limits of comfortable This 
favored to a significant degre 
the human organism. Al l  system components worked without failure. 

ness on igation of the effect of 

llhr llhr p;/hr 

During the flights of the other Vostok spacecraft the conditions in the air- 
tight cabins did not differ appreciably from those described above. The data 

dessicants made it possible to determine the average hourly exchange of the 
cosmonauts and the amount of moisture liberated; these are given in the following 
table for each cosmonaut. 

/199 from post-flight analyses of the reduction of the regenerative agents and of the 
7 

I factor 

A .  G . Nikolayev 17.6 15 40 0.86 
P . R . Popovich 20 17 47 0.85 
V.V. Tereshkova 17.3  14.1 23 0 .82  
V. F . Bykovskiy 17.5 14.5 33 0.83 

, 

I I I I I 
I I I I t 

The results of operation of the regenerating and air-conditioning systems 
of the,Vostok spacecraft in ground as well as flight experiments once again demon- 
strate the high qualities and reliability of suchsystems inproviding for the neces- 
sary 'conditions in spacecraft cabins. 

During the 3-cosmonaut space flight in the Vostok-3. the air  regenerating and 
conditioning system functioned a total of 28 hours, 4 of them during the launch 
period while preparing for the flight. The cabin was sealed one hour before launch 
of the spacecraft. The pre-launch measurements indicated that the system was 
f-unctioning nomally and ensured the prescribed environmental parameters. 
After pressurizing the craft, the air temperature in the cabin was +17" the rel- 
ative humidity -47?j, the partial O2 pressure 152 mm Hg; the C02 concentration 
was below 1%, and the pressure was 762 mm J3g. 

limits of the prescribed norms. Thus, the pressure varied in the limits 770-804 
erature fluctuated from 15 to 22' (the cosmonauts were in sport 

its), the air humidity was 67-78%, the partial O2 pressure 

During the flight all the parameters a€ the gas environment fell within the 

varied from 158 to 188 mm Hg, and the C02 concentration was about 1%. 
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Investigations of the gas exchange and moisture liberation of the cosmonauts 
were made during the space flights from the results of U d y s i s  of the regeneration 
agents and from the dynamics of the change in concentration of the C02, O2 and 
moisture in the cabin's atmosphere. These studies indicate that the specific 
spaceflight conditions do not have any significant effect on the energy expenditures, 
rate of oxygen intake and liberation of C02 and H20. Deserving of attention is 
a certain tendency toward a decrease in the basic exchange indices, which ob- 
viously shows up more clearly during prolonged space flights. 

/200 - 
The food ration worked out for the1 Vostok and Voskhod spacecraft is apparently 

completely sufficient insofar as calorie intake and composition of the foods is con- 
cerned. Account must be taken, however, of a certain increase in intensity of 
protein exchange, which was observed in the cosmonauts after the flight, and also 
the increased vitamin reuuirements, especially of vitamin B-6. 

The pecularities of exchange of substances in spaceflight conditions require 
further investigation, especially in the case of long-duration flights. The results 
of these studies may be to introduce correctives to the food ration of the cos- 
monauts, which may be considerable for the support of long-range space ex- 
cursions. 
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EFFECT ON THE ORGANISM OF PROLONGED 
CONFINEMENT (100 days) IN A PURE OXYGEN 

ATMOSPHERE AT OVERALL PRESSURE 
OF 198 mm Hg* 

N.A. Agadzhanyan, Yu. P. Bizin, G.P. Dqronin, 
A. G. Kuznetsov and A. R. Mansurov 

In connection with the development of cosmonautics, considerable importance 
attaches to investigations relative to prolonged confinement of a human being in 
artificial atmospheres. In particular, of great theoretical and practical interest 
are investigations aimed at clarifying the possibility of prolonged exposure of the 
organism to an atmosphere consisting of pure oxygen at an overall pressure which 
excludes the toxic effect of this gas. 

In recent years the problem of using a single medium consisting of a single 
gas (oxygen) in habitable spacecraft has been widely discussed in the American 
press. 

Schaefer [12] states that among U. S. physiologists the opinion has been ex- 
pressed that in spacecraft launched for a flight period of no more than two weeks 
i t  is expedient to create and maintain a gas medium consisting of a single gas, 
namely, oxygen. These recommendations were applied in the Mercury and Gemini 
programs, which were intended for two-week flights. In the Apollo spacecraft, 
which are intended for longer flight periods, it was first planned to use a gas 
medium consisting of 50% O2 and 50% N at an overall pressure of 362 mm Hg. 2 
But subsequently, as reported by Nonoshita [SI, i t  was decided to use a single-gas 
(oxygen) atmosphere for Apollo also, in view of the necessity of reducing the 
launch weight of the craft. 

In the opinion of the majority of authors, a "single-gas" medium has a 
number of advantages which are attracting the attention of designers and physio- 
logists. When such a medium is used the cabin pressure can be reduced to 1/4 
the standard atmosphere, resulting in the possibility of considerably reducing the 
cabin weight. At the same time the system for regenerating and regulating the 
gas medium is appropriately simplified, gas escape from the cabin is reduced to 
a minimum, and the danger of the development of aeroembolism in the cosmonauts 
during decompression is completely eliminated. Wherever the struggle to reduce 
the launch weight of a spacecraft has been a serious problem, the interest in such 
a type of gas medium is understandable. 

The positive qualities of the gas medium being studied are accompanied by 
serious negative ones, and therefore use of such a medium must be approached 
with great caution; the problem as  a whole has been but little studied and the 
application of insufficiently founded recommendations always involves hidden 
dangers. 

*Report presented at the Second Internat. Symposium on Basic Environmental 
Problems of Man in Space, Paris, France, June 14-18, 1965. 
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It is well known that respiration of pure oxygen raises the danger of the 
appearance of atelectasis of the lungs, which is deleterious to blood oxygenation 
and creates the prerequisites for spot inflammation in the Even at a low 
partial pressure, pure oxygen has a slight irritating effect e upper respira- 
tory tracts. 

Furthermore, the absence of inert nitrogen gas in the'cabin environment 
considerably increases the danger of fire in the spacecraft; in flight situations 
this may have fatal aftereffects for the crew. 

It is still far from elear  whether the organismican- survive and evolve for a 
long period of time in an atmosphere deprived of nitrogen. Whether this gas has 
any kind of relation to intrinsic physiological and biochemical processes of the 
organism remains a mystery to science. 

Experimental study of such a medium on people in a pressure chamber under 
the rarefied conditions corresponding to altitudes of 8,400 and 10,200 m was 
carried out by D. Heather Ill]. In experiments lasting 14 and 17 days this author 
observed in the test subjects symptoms of irritation of the respiratory tract and 
of the lung tissue; a reduction in body weight was noted in most of them. A more 
complete investigation of this problem was carried out on people confined in 
a pressure chamber for 30 days at an altitude of 5500 m and for 17 days at  10,000 
m. The purpose was to study the effect on the organism of a rarefied atmo- 

, sphere in the absence of an inert gas and also the effect of prolongedinactivity and 
I of isolation [71. Observed were a drop,in diastolic pressure, extended pulse re- 
covery times during the orthostatic test, a reduction in the vital capacity of the 
lungs, and symptoms of irritation of the respiratory tract and of the mucous mem- 
branes. "he loss of body weight by the test subjects reached 2.8-3.6 kg in the 
30-day experiments and 2 kg over 17 days. A decrease in water content was ob- 
served in the tissues of the organism, despite the loss of water, the fat content in 
the organism rose. 

/202 - 

In McHattle and Rahn's experiments 181, i t  was demonstrated that in a single- 
gas medium with a total pressure of 197 mm Hg mice survive and have a normal 
yield of offspring. This gave them justification to suggest that the absence of 
nitrogen in the atmosphere has no effect on the course of the most important vital 
processes. 

Judging by Allen's tests [41, however, a categorical denial of a biological 
role for nitrogen in the organism of animals is premature. 1 He found that the 
vascular system of chicken embryos does'not develop in a one-gas (oxygen) medium 
at a pressure of 150 mm Hg and suggests that the reason for this is the lack of 
nitrogen in the gas medium. The necessity of further study in this direction is 
obvious. 

soviet specialists are  guided by the principle of maximum caution in solving 
problems relating to a choice of the atmosphere for spacecraft. The choice of the 
gas medium must be scientifically founded, The medium must correspond to 
reasonable comfort requirements, must be harmless to the organism and must 
permit uninterrupted regeneration by reliable technical devices, It would be 
erroneous, however, to beleive that a gas medium can be selected for spacecraft 
that would be equally suitable for any conditions. 
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Experience gained with the Soviet satellites Vostok and Voskhod in using an 
atmosphere whose .parameters are close to the ground atmosphere has proved 
itself in many respects. Apparently there are no serious objections to continued 
use of an atmosphere similar is composition and pressure to the earth's attno- 
sphere in short-duration orbital flights. At  the same time interest in finding 
broader technical and biological possibilities for life support of a human being in 
space raises the question of the necessity for studying different variants of arti- 
ficial atmosphere. 

The aim of the present paper was a prolonged (100-day) all-around study 
of the effect on the organism of an atmosphere of pure oxygen at a total minimum 
pressure and a sufficient supply of this gas for animals. 

METHOD 

The experiments were carried out on white rats in a pressure chamber pro- 
vided with a life-support system permitting maintenance of the prescribed param- 
eters of the gaseous medium: 0 content - 5%, C 0 2  content - 0 . 3  to 0.5%, tem- 

the animals by means of a semiautomatic system. The feed for the rats con- 
sisted of 2/3 millet and 1/3 oatmeal. Four times a month the animals received 
bread, meat and polyvitamins. 

2 
/203 , perature 20-23" relative humidity - 50 to 70% water and food were supplied to 
_I 

Equipment existed for removal of deleterious impurities from the air  of 
the chamber, so that the amount of ammonia, C02, hydrocarbons and other toxic 
products did not exceed the maximum permissible concentrations. Each animal 
cage has asub-floor which was  filled regularly with silicagel to absorb the urine. 
The structure of the chamber permitted the personnel to enter the chamber and 
leave it during the course of the experiment without disturbing the state of the 
gas medium. 

To prevent aeroembolism the chamber was decompressed from 760 to 198 
mm Hg by stages. 

Kept under observation were 203 animals: of these 148 were experimental 
and 55 control animals. The same food and water schedules were maintained for 
both groups. 

Studied were the behavior and over-all state of the animals, the higher 
nervous activity, the weight dynamics, certain aspects of the water-salt exchange, 
bioxogical indices of the blood, changes in the positive elements of the peripheral 
blood, and morphological changes of the inner organs. 

The results of observation show that no serious changes due to the effect of 
the gas medium being- studied were noted in the overall behavior and state of the 
animals that might endanger their life or  might cause disruption of the activity of 
the most important systems of the organism. Throughout the experiment the 
animals preserved sufficient nutritional excitability and reacted adequately to the 
surrounding laboratory situation. 
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RESULTS 

Conditioned Reflexes. An effective automatic arrangement was developed. 

The aim of the motor reactions was worked out by the method described in 
the work of L. G. Voronin and' A. V. Napalkov [I]. In each test we used a stereo- 
type made up of 18 positive chain stimuli and 6 conditionally inhibitive, 

The use of this method permits investigation of subtle processes of analysis 
and synthesis of complex stimuli acting in a specific sequence on the organism. 
By doing so the physiological experiment turns out to be as close as possible to the 
natural relationships between the organism and the external medium, in which the 
leading role in adaptation is due not to simple conditioning signals, but to the ef- 
fect of complex sets and series of stimuli. 

During the first days of confinement in the medium being studiedithe rats ex- 
hibited some increase in their orientive - investigatory activity, an increase in the 
amount of between - signal reactions a s  the overall motor activity increased. At 
the same time, the overwhelming majority of applications of the chain stimulus 
was accompanied by a distinct chain motor reflex. A lack of reaction was en- 
countered only exceptionally and only during the first month of the experiment. 

Without doubt this indicates that in the case of one-gas oxygen medium being 
studied, analysis and synthesis of the series of prepared lfood-acquisition motions \ 
was almost entirely uninterrupted. 

Another pattern was observed when studying, in the same situation, con- 
ditioned disinhibition, evolved on the basis of a series of positive signals. 
It was discovered that if,an obstacle is placed in the way of accomplishing a 
positive food-acquisition reflex and if the animal is taught to'actively remove the 
obstacle in response to an additional signal, in a normal situation the animals 
rather quickly acquire the capability of timely execution of this action. Inadequate 
reactions were a rare  phenomenon. 

Under artificial atmospheric conditions, the reactions of the animals to the 
conditioning hindrance were inadequate; the percentage of adequate reactions drops. 
The drop is more pronounced during the first and, in part, during the second 
month the animals were exposed to the experimental conditions. In a number of 
cases the animals did not perceive what was intended by the signal for the additional 
component of the conditioning hindrance and executed motions which were govern- 
ed by the stereotype of the positive series. In this case they did not receive food 

' and returned to the starting point of motion, where they awaited the next signal. 

the reactions of the animals of conditioning stimuli, and the data obtained in the - 
aftereffect period almost coincided with the results of the control period. 

The appearance of inadequate reactions to the conditioning hindrance signal 
is considered as the result of weakening of the process of active internal inhibi- 
tion, 

In the second half of the experiment we observed a gradual standardization of 
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Change in Weight. Throughout the first half of the experiment (50 days) a con- 
siderable loss of weight was observed in the animals, amounting to 25%0f the original 
body weight, After 55 days the weight of the animals begins to recover and to- 
ward the end of the experiment the gain in weight by the experimental rats is 
greater than that of the control animals. At this time the weight balance of the 
experimental rates (72 g) exceeded the weight balance of the control rats (56 g) by 
16 g. 

There is reason to believe that the negative weight balance is due to an 
increase in water lost by the organism because of the low-pressure effect of the 
ambient atmosphere. 

/205 - In the work of Kuznetsov, Van Lier, Swann and Collings 12, 6,101 a decrease 
in diuresis, an increase in the separation of sodium chloride with the urine and 
an increase in loss of body weight were observed during the experiment on the 
animals. In the opirion of the authors, these symptoms were due to a state of 
acute hypoxia of the organism as well as  to considerable hyperventilation of the 
lungs, which always occurs in such cases, causing a sharp increase in the loss 
of moisture through the respiratory tract. 

In the present work the oxygen supply of the animals was sufficient and water 
losses by the organism could be traced only to the independent effect of the low- 
pressure atmosphere. The literature does not contain direct, well founded proof 
of the effect of low barometric pressure on the increase of moisture lost by the 
organism. It is known only that water evaporation increases under these con- 
ditions due to the decrease in the number of collisions between the evaporating 
molecules and the molecules of the gas whose concentration has been reduced be- 
cause of a drop in pressure. This is what was shown by the direct measurements 
of H20  evaporation at normal and increased barometric pressure made in the 
present work by A. I. Shaposhnikov and B, S. Perepletchikova: 

Parameters 760 mm Hg 198 mm Hg 
Temperature, "c ............... 20-23 20-25 
Humidity, % .................. 45-65 42-75 
Amount of evaporated water, g . . 1125 2150 
Evaporation rate, g/cma/hr .... 2.5 4.4 

From these data it follows that the amount of evaporated water from equal 
surfaces in the case of low pressure is almost double that in the case of normal 
pressure. 

it is only natural that this should be reflected in the water content of the tissues, 
above all in such tissues as  the skin, muscles, and liver, which are usually con- 
sidered to be the repository of liquid in the organism. 

of the animals decreased, coinciding in time with the drop in body weight of the 

- 
If the drop in weight of the animals is attributed to increased removal of water, 

These experiments showed that the water content* of the skin and muscles 

* The H20 content in the tissues was determined by the weight method. 
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increase,in H20 release by the organism from the surface of the skin and lungs. 

2 
physical order, '1 and the 
the period the organis osed to rarefied atmospheric conditions. As was 
pointed out above, however, the animal weight was observed to drop only during 
the first half of the experiment. In the second half the weight of the test animals 
continuously increased and toward the end of the experiment i t  exceeded the weight 
of the control animals. Obviously, the considerable fluctuations in animal weight 
observed under a rarefied atmosphere cannot be explained by changes in water 
liberation alone. Most likely, the studied phenomena are also closely related with 
changes in the exchange processes. 

The process of H 0 release by evaporation is, however, a phenomenon of the 
re we should logically expect i t  to continue throughout - /20C 

Here it is important to note that in themselves the phenomena of a decrease 
and increase in weight of the animals under these conditions are of great scientific 
interest in another respect also: they indicate the presence of an active factor under 
these conditions whose physiological role has been denied in the literature up to the 
present time. The facts show that low atmospheric pressure (at normal p02) itself 
has a specific effect on the organism, and adaptation to existence in a new medium 
evolves gradually in the organism. The time required for adaptation is apparently 
determined by the degree of atmospheric rarefaction. 

According to our tentativemdata, the time of adaptation to confinement in an 
atmosphere of normal p02 and to an overall decrease in atmospheric pressure 
to 308 or  198 mm Hg took 30-35 or  55-60 days, resp. [3]I It is interesting that 
the cycle of change in the composition of the peripheral blood was completed in 
approximately the same period: the observed increase, in the blood, of the 
content of hemoglobin (120%), erythrocytes (134%), reticulocytes (160%) was main- 
tained at this level for 43 days. On the 58-th day the blood indices returned to the 
original level and remained there until the end of the experiment (N. I. Yezepchuk). 

observations incident to the use, for animals, of a gas medium consisting of a 
single gas (oxygen), the inert gas nitrogen being absent from the medium. The 
observations showed that rats survive in a single-gas oxygen medium at a pressure 
of 198 mm Hg for 100 days and have a normal yield of g. Of interest are  

indicate that the pregnancy per e animals under 
ses by 5-7 days. I Although the s 

agreement of our data with those of Allen [4] on the lag in development of the 

The Biological Role of Nitrogen. It is also necessary to say something about 

er of observations 
to exclude the random elemen$ in the case, the known 

gives us reason to 

rd 'to the formation of 

186 



/207 In the process. of morphologic - 
slightly pronounced local 
zone; this was more pron 
in the first two days. Atelectasis o 
to a morphological examination at 1 
lapse of lung tissue in animals was 
irritation of the lung tissue by oxygen were observed. 

ed 

Throughout the experiment, the p02 of the blood was kept at a high level; 
the pC02 was somewhat lowered (Ye. A. Kovalenko). 

quantity of microflora in the chamber atmosphere during the experiment increased 
by a factor of approximately 5; the microbe pattern shifted toward the side of prev- 
alence of the forms of microorganisms which are more stable to the action of the 
environment, that is, spaces, aerobes, and fungi appeared. Here we see the form 
of interaction between an organism and a medium in which the direct effects of the 
medium on the organism and the inverse effect of the organism on the environmental 
medium are combined. 

Change in Microflora. According to observations by N. N. Sitnikova, the 

CONCLUSION 

Prolonged (100-day) confinement of animals in a one-gas oxygen medium at a 
total pressure of 198 mm Hg presents no danger to the life and overall state of the 
organism, which indicates that it is possible to use such a medium for practical 
purposes. 

number of important physiological functions of the organism arise during pro- 
longed confinement in a gas medium with a low overall pressure and normal 
oxygen content. The phenomena gradually smooth out and in 50-60 days a period 
of normalization of the organism's functions sets in, which testifies to the evdu- 
tion of adaptive phenomena. 

At the same time it was demonstrated in our work that distinct changes in a 

All this proves that decreasedpressureof the gas medium has independent 
biological significance which must be taken into account when studying the problem 
of the habitability of spacecraft in the case of a rarefied atmosphere. 
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CERTAIN FUNCTIONS OF THE 
GAS EXCHANGE DURING P 

ANIMALS IN A HYPEROXIC 
HELIUM ENVIRONMENT 

A,G. Gironkin and G. V. Troshikhin 

The problem of replacing nitrogen in the air by helium in the atmosphere of 
a spacecraft cabin has not as yet been solved. A number of arguments is being 
advanced in favor of such a substitution, based on the peculiarities of the physical- 
chemical properties of this gas. 

The high fluidity of helium favors a decrease in the supply of energy required 
to ventilate a gaseous mixture in conditioner systems [5,8]. The low solubility 
factor in water and fat reduces the danger of decompression disorders during 
emergency depressurization of the cabin [5,8]. The high thermal conductivity (the 
coefficient of thermal conductivity of helium is approximately 6 times greater than 
that of air) creates favorable conditions of heat transfer for the cosmonaut [5,8]. 

Of indisputable interest for space flights in also the creation of a helium at- 
mosphere in a space ship o r  space suit with a higher oxygen content, since the 
positive sides of helium and oxygen are combined in this variant. 

As we know, respiration of oxygen promotes an increase in stability of the 
organism to g-loading and acceleration PI, reduces the danger of aeroembolism 
and of acute oxygen starvation [6] in case of cabin depressurization, improves 
sleep [3], increases efficiency [lo], etc. 

The existing papers on the study of the effect of helium on biological objects 
are, however, still insufficient for an evaluation of the possibility of prolonged 
safe existence of man in helium-oxygen media. There is an almost complete lack 
of research on the problem of the effect on the organism of helium environments 
enriched with oxygen. In one of the Soviet papers [4] data are presented on the in- 
crease of the toxic effect of oxygen mixed with helium (80% oxygen, 20% helium). 
Incidentally, of greater interest in spaceflight practice are investigations of the 
effect on the organism of He-0 mixtures with an oxygen content lying within the 
limits of the upper safety range (60% oxygen) for human respiration [9]. 

- h o g  

On the basis of what has been said, we carried out experiments devoted to 
ome physiological system and of the 
of mice confined ni trogen-oxygen 

environments enriched with up to 60% oxygen. For control purposes we used 
animals exposed to atmospheric conditions for the same period. 

namics of evolution of conditioned reflexes and of the gas- 
e experiments were conducted in three hermetically sealed 

rubber sleeves and locks. The chambers were linked up 
neration system, which ensured complete purging of the waste 
s fromthe air. Oxygen was fed automatically, as  required, 
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from a rubber container through a gas meter 
environment in the chamber was ma 
were performed on 
In the chambers the 
equipped with autom 

\ fizd Aleksandrov-T 
rig was made of a box separated into two h l v e s  by a partition with'a passageway. 
Electric current was transmitted to the floors of each half of the box, the floors 
consisting of wires. The rubber sleeves made it possible to transfer the mice 
from the cage into the apparatus without disturbing the gas composition of the 
chamber. As a conditional stimulus the lightwrom a 6-V bulb. At the ll-th 
second of presentation of the conditional stimulus, electric current was trans- 
mitted (3-5 V);'<as a result the mice ran into the other half of the apparatus. Ten 
such combinations were executed daily. 

The conditioned - reflex activity was evaluated over the number of days re- 
quired to form a conditioned reflex, and with respect to the average escape time 
(in sec). The reflex was considered to have set in when the animal ran into the 
currentless half of the box ten times in succession (100% correct responses) in 
response to the conditioning signal, The conditioned reflexes were determined 
daily in ten mice in each group. 

The gas exchange was determined with the mice continuously confined in the 
respective environments. The oxygen needs were computed daily for a total of 
17 hours, during the period 4:OO PM to 9:OO AM, from the indications of the gas 
meter. 
checked daily with a Haldone instrument and the helium with a GEUK instrument 
which we modified. 

/210 The gas composition in the chambers (oxygen and'carbon dioxide) was - 

The carbon dioxide impurity during the experiments was from 0.1 to 0 .7% 
the introgen content in the helium-oxygen mixture reached 2.5 to 5%, in the 
hyperoxic mixture it fluctuated in the range 3 7 4 3 %  and in the air  between 77.5 
and 80.5%. 

The experiments we performed demonstrated that animals subjected to a 
hyeroxic medium, diluted either with helium o r  nitrogen (t?heliumft and "nitrogenff 
mice), exhibited retarded formation of conditioned reflexes and a reduction of their 
running speed as  compared with the control animals (Fig. 1). 

From Fig, 1 it is evident that both groups of experimental mice exhibited a 
distinctly retarded evolution of conditioned reflexes and reduction of the running 
speed, It turned out also that the eonditioned reflexes of the %heliumff groups 
envolved somewhat slower t h q  in the %itrogenir e. Complete evolution of the 

omplished in fitfie ' %el animals on the 12-th day, 
l-th day, but the difference 

is statistically unreliable. In the control "air" mice evolution of conditioned re- 
flexes ended on the 7-th day; the difference is statistically reliable between the 
experimental and control groups. 

d reflexes was 
age, and in the "nitrogen" animals o 

/211 This same characteristic was also observed in the dynamics of changes in - 
I 
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A 

m 13 
Days of experiment 

Figure 1. Dynamics of the Evolution of a Conditioned Re- 
flex (A) and Speed of Motor Reflex (B) in Mice in an He-02 

1-Control; 2-He-O2 Group of Mice; 3-N2-O2 Group of Mice. 
and N2-O2 Medium With a 60% O2 Content. 

The considerable lag in evolution of conditioned reflexes in the case of the 
animals which were subjected to the helium-oxygen medium is obviously attendent 
upan the high thermal conductivity of helium, which facilitates cooling of the 
animals, since the heat comfort zone for animals in a helium environment shifts 
by 3-4" [ I ] .  

The retardation of the formation of conditioned reflexes and of the running 
speed in these environments may have also depended on the direct effect of oxygen, 
which is proved by experiments with 'a nitrogen-oxygen mixture containing 60% 
oxygen. In some measure our data agree with the published data on a reduction 
of the conditioned - reflex activity of dogs when breathing air with a 60% oxygen 
admixture [71. 

The mice exposed to an oxygen - rich helium environment revealed not only 
a change in the conditioned - unconditioned reflex activity, but also appreciable 
displacements of the gas-exchange level, The confinement of animals in such a 
medium was accompanied by a considerable augmentation of gas exchange during 
the entire course of the experiment, A less pronounced increase in gas exchange 
was observed in the "nitrogen - oxygen" mice; intensified gas exchange was noted 
for the first three days, and then the level dropped to the normal values. Sub- 
sequently, except for a few fluctuations, tho oxygen requirement again increased 
and remained at the higher level until the end of the experiment (Fig. 2). The 
weight of the animals did not change appreciably during the entire experiment, 

gas exchange of mice confined in an oxygen-rich helium medium by the high thermal 
conductivity of the helium, facilitating cooling of these animals. Not excluded 
either is the possibility of the slight cooling effect of oxygen, since its heat 

A considerable contribution is apparently made to the mechanism of increased 
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Air Air  

Days of experiment 
Figure 2. Dynamics of the 02\Requirement in Mice While 
Confined in a Hyperoxic Environment (60% 02) Diluted With 

Helium and Nitrogen. 
Notation as  in Fig. 1. 

/212 conductivity is somewhat higher than that of air. In this physiological reaction 
some significance can also be attributed to the stimulating effect of helium [Ill 
and oxygen [2] on the exchange processes. Most probably both these factors are 
related to the increase of gas exchange in animals exposed over a prolonged period 
to a helium-oxygen and nitrogen-oxygen medium with a high oxygen content. 
Without doubt, helium and oxygen exert a mutually stimulating effect on the gas 
exchange, This fact deserves attention and requires further experimental foun- 
dation in understanding the mechanism of the phenomenon we have discovered. 

- 
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HTJMAN REACTIONS TO HYPOXIA AND HYPERCAPNIA WHEN 

OXYGEN MIXTURES 
BREATHING NITROGEN- AND HELIUM- 

I. S. Breslav and Ye. N. Salatsinskaya 

In recent years, as  a result of the broad use of helium, particularly in sub- 
e, interest has arisen in the effects of this gas on the 
as  been found that due to low density helium-oxygen 

/2 13 ing, especially if resistance in the respiratory tract is - 
ation is increased 14, 5, 7, 91. 

As yet, however, little is known as to how helium affects the reaction of the 
respiratory system relative to oxygen deficiency and excess carbon dioxide in the 
air mixtures being inhaled. The present paper is devoted precisely to this ques- 
tion. 

As the integral index of the organism's reaction to this or  that change in the 
composition of the inhaled mixtures we used the gas-preferendum method, namely, 
the active choice of preferred respiratory media [ I ] .  Prior observations [2] have 
shown that man and animals usually prefer helium-oxygen mixtures to nitrogen- 
oxygen ones. In the same reference it was explained that in some cases of oxygen 
starvation (breathing in a closed space) a helium medium ensures more effective 
maintenance of blood oxygenation. 

The present research was carried out on men and women aged 18 to 25 years. 

The experiment was set  up in the following fashion. The test subject sat in a 
chair and breathed through a half-mask equipped with valves which gave minimum 
resistance. After accommodation to the mask, the test began with a 5-minute period 
of breathing opdinary air. Then the test subject breathed the first gas mixture from 
a container for 5 min. Then he proceeded to the next mixture, also for 5 min. 
Following this the experiment continued for 15 min, during which time the test 
subject, controlling his own sensations, could himself switch to any of the two 
mixtures; a special tap was reserved for this purpose, The index of choice was 
the relationship between the intervals during which the person breathed the first 
and second mixtures. 

The respiratory motions of the test subject, the respiration volume per min, 
the pulse rate*, and the oxygen saturation of the arterial blood were recorded 
during the experiment by the usual methods, Usually, the level of the indices 
being studied became more or  less stable at the third or fourth minute of breathing 
each mixture. Therefore, everywhere in what follows we will give the values re- 
corded at the 4-th or 5-th minute after going on to the given mixture. 

not show statistically significant changes and is, therefore, not cited by us. 
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In each experiment one of the inhaled mixtures was taken nominally to be in- 
different: the indices obtained during respiration of this mixture served as a con- 
trol. The compared figures were processed statistically by the method of natural 
pairs of variants. 

Three series of experiments were performed, in which we compared the effects 
of breathing nitrogen and helium mixtures with a normal and lower oxygen content, 
and also with various concentrations of carbon dioxide (Table 1). 

/214 

I 

TABLE 1. Respiratory Mixtures Used 
in the Tests 

of the mixtures _. 

different (% 02) 

12-15 21 21 

12 i! Jm*. i; I inHe 

9 

12 

12 

I t~ lin Nz 

2 l ' h  Na . 

I 1 
1 

9 1  

21 in HC 

15 
12 

)in He 

In order to compensate for the effect of training and other factors, the experi- 
mental conditions were randomized if possible. 
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In the first series of experiments the test subjects breathed nitrogen and h 

mixtures with a normal and reduced oxygen content; In each experiment the mix- 
ture presented for inhalation was nitrogen (indifferent) and helium rent), the 
oxygen content in both cases being the same. This permitted dirgct comparison 
of the reactions to the nitrogen and helium media (Table 2). 

At a normal oxygen concentration, breathing of the helium mixture caused a 
small increase, in breathing rate with a corresponding decrease in respiratory 
volume, which appears to be adaptation to breathing a less dense mixture: in such 
a case, increased breathing rate and shallow breathing are more economical [31. 
The same phenomenon can also be observed when breathing hypoxic helium mix- 
tures, although the observed changes are  not everywhere statistically reliable. 
Oxygen saturation of blood in helium media did not differ essentially from the values 
obtained for analogous nitrogen mixtures. Under normal as  well as hypoxic con- 
ditions, the test subjects invariably gave preference to helium mixtures: the time 
of respiration of these mixtures was always greater than the respiration rate of 
nitrogen mixtures. The probable reason for this consists in the lower amount of 
respiratory work required to maintain alveolar ventilation in the less dense helium 
medium. 

In series 11 the test subjects were divided into two groups: one breathed only 
nitrogen mixtures, the other only helium mixtures during the test period. In each 
test the indifferent mixture was the one with a normal oxygen concentration, while 
the different one was the mixture with a lower content. In Fig. 1 the reactions of 
the test subjects are expressed in % relative to the indices obtained when breathing 
the corresponding (nitrogen or  helium) indifferent mixture. 

The test subjects did not distinguish the mixture of 18% oxygen with nitrogen 
from air. The analogous helium mixture was even more frequently preferred to 
the indifferent mixture, despite the fact that oxygen saturation of the blood de- 
creased. We assume that such a mixture, owing to the additional hypoxic stimu- 
lus, puts the more habitual load on the respiratory system of a human being than a 
helium medium with a normal oxygen content, which, judging from the oral ac- 
counts of the test subjects, seems to be unusually easy to breathe. 

tures increased linearly as a function of the degree of reduction of the oxygen 
content. 
tion volume per min at 12% 02, although the blood oxygenation in this group de- 
creases in the same way as  in the f1nitrogenT1 group (nowhere do the differences 
reach statistically significant values). Possibly it is precisely because of the 
smaller volume of ase in ventilation when breathing the mixture of 12% O2 
with h e l i i -  that the test subjects, judging from tlieir reaction to choice, did not 
distinguish this m re from the indifferent one, whereas the same mixture was 
explicity avioded in the nitrogen medium. 

In the case of more severe hypoxia (9% 02> the difference between the groups 

/217 

Beginning at 15% 02, pulmonary ventilation when breathing the nitrogen mix- 

But in the "helium11 group this rule is broken by the lag of the respira- 

I with respect to all the indices disappeared. In particular, the negative reaction 
' of the test subjects proved to be identical for the nitrogen as well as  the helium 
mixture. 
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As the curve of the respiration volume 
per minute shows, with a normal 0 2  content 
the ventilatory reaction to CO was more pro- 
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Figure 2. Reactions to Breathing 
Hypercapnic Nitrogen - (1) and Helium- 
(2) Oxygen Mixtures With a Normal (A) 
and Reduced (B) O2 Content. Percen- 
tage Relative to the Level When Breath- 
in the Same Mixtures Without\ CO,. 

also be kept in mind that in the given 
case ventilatory reaction to C02 
assists in compensating for hy- 
poxemia), but the 2.5% mixture did 
not call forth a distinct choice, while 
such a mixture had already been 
avoided by the nitrogen group. At 
the same time, the relations be- 
tween all the indices (ventilation, 
blood saturation and choice) when 
breathing a mixture with 6% C02 
turned out to be the same for both 
groups as noted under conditions 
of a normal oxygen content. 

/2 19 - 

If, taking these arguments into 
account, we intercompare the curves 
for oxygen saturation of the blood and 
the choice.i.ndices, as given in Fig. 2, 
we can note the following charac- 
teristic: wherever the hypercapnic 
mixture (nitrogen or helium) causes 
a greater increase in blood oxygena- 
tion, this mixture is lessiavoided by 
the test subjects. Saturation can be 
considered here as an[indirect, index 
of blood arterialization in i the lungs 
and consequently also of the efficiency 
of removal of excess C02. It is 

natural that mixtures which result in a greater accumulation of C02 in the blood 
when inhaled also call forth a stronger negative reaction in man. As has been 
shown, in this respect the nitrogen medium proves to be more favorable for breath- 
ing mixtures with a relatively small percentage of C02 at a normal oxygen content, 
while the helium medium is better for a reduced oxygen content. Insofar as  mix- 
tures with 6% C02 are  concerned, as we know when breathing such mixtures neither 
an increase in alveolar ventilation nor any other adaptive reactions of the organism 
are  able to compensate for the state of hypercapnia, {8] and therefore such a C02 
concentration were absolutely rejected, whether in the nitrogen or the'helium me- 
dium. 

Thus i t  can be assumed that it is precisely the C02 strength of the blood, this 
- 

extremely important Iregulatorl of respirption [a], \which determines the capability 
of a human being to single a t  breathing mixtures with a high content of C02. 

It is not out of the question that the pCOz of the blood plays an important part 
also in the capability of man to avoid breathing hypoxic mixtures, Indeed, venti- 
latory reaction to a reduction ih partial oxygen pressure in the air being breathed 
results in a state of hypocapnia, which can cause a negative reaction to a hypoxic 
medium. In fact, a 12% #02 mixture with helium in our experiments increased the 
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respiration rate per minute less than the analogous nitrogen mixture, and therefore 
there should have been less hypocapnia in the test subjects. This is precisely the 
mixture that the test subjects of the ltheliurn" group did not distinguish from a 
mixture with a normal oxygen content, whereas this distinction was clearly made 
in the nitrogen medium. 

It goes without saying that the complicated reasons for the difference in reac- 
tions of a human being to \hypoxia and hypercapnia 'in nitrogen and helium media 
require further research. 
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PHYSIOLOGICAL EFFECT OF THE REPLACEMENT OF NITROGEN 
IN THE AIR BY HELIUM IN THE CASE OF OXYGEN 

DEFICIENCY AND HIGH C02 CONCENTRATIONS 

A.G. Dianov 

In the preceding investigations i t  was found that man could be confined for 
some time in ai helium-oxygen medium a t h e  case of a normal oxygen content 
and very slight concentrations of COZr[6, 71 I 

For the purpose of further study of the problem of the use of helium in the 
atmosphere of pressuri'zed cabins i t  is expedient to investigate the effect of a 
helium-oxygen medium on the living organism under the conditions of oxygen 
deficiency and high C02 concentrations. 

exposure of animals to a helium-oxygen environment in a hermetically sealed 
chamber without atmospheric regeneration, At a result of vital activity of the 
organism in the atmosphere of the chamber the oxygen concentration will gradually 
decrease and at the same time the C02 concentration will rise, The available 
literature does not give indications that similar studies have been made. 

The most suitable experimental model for the solution of this problem is the 

PROCEDURE 

The experiments were performed with male white rats weighing 116-120 g. 
Used in this work was the experimental arrangement outlined in Fig. 1. 

Before beginning each experiment the test animal was attached to a wobden 
support. Sensors were fastened to the body of the animal to record the physio- 
logical functions. Electric wires from the sensors were soldered to the terminals, 
of the switching panel placed on the detachable wall of thejhermetically sealed 
chamber. The chamber, with a volume of 1190 cm3, was made of organic glass 
so that the animal could be observed in the course of the experiment. After the 
animal and support were placed in the chamber, it was hermetically sealed by 
pressing the detachable wall against it using a special claming device. From the 
inside a mercury thermometer was inserted into the detachable wall to measure 
the temperature of the gaseous environment in the chamber. The top of the cham- 
ber contained tubes, one of :which was designed to extract gas samples from the 
chamber, while the other was to measure the chamber pressure. The tubes 
rigidly attached the hermetic chamber to the top of the heat regulating chamber. 
The heat-regulating chamber was also made of organic glass. The temperature was 
maintained at the given level by means of a heat regulator. 

/22: - 

/22: The nitrogeniin the chamber atmosphere was replaced with helium by venti- - 
lating the atmosphere with a helium-oxygen mixture consisting of 21% O2 and 79% 
He. Ventilation was by an air  pump. Before the ventilating gas mixture reached 
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Figure 1. Block Diagram of the Experimental Setup, 
1 -Air Pump; 2-Clamps; 3 -Electrocardiograph; 
4-lnstrument for Recording the Respiratory Motions; 
5-Instrument for Body-Temperature Measurement; 
6-Thermometer; 7-Tube for Extraction of Gas Sam- 
ples; 8-Tube for Chamber-Pressure Measurement; 
9-Three-way Stopcock; 10-Heat-Regulating Chamber; 
11-Rubber Container With the He-02 IMixture; 12-Her- 
metically Sealed Chamber; 13-Switch Panel; 14-Sup- 
port for Immobilizing the Animal; 15-Coil; 16-Heat 

Regulator. 

the hermetic chamber it passed through a small coil, where i t  reached the pre- 
scribed temperature. In control experiments the hermetic chamber. with the test 
animal was ventilated with air  for 30 min. While performing the experiments in 
which atmospheric nitrogen was replaced by helium, the chamber was ventilated 
with air for 15 min, and then with the helium-oxygen mixture of the rubber con- 
tainer for 15 min. The transition from ventilation of the chamber with air  to 
ventilation with the helium-oxygen mixture was acomplished by an appropriate 
turn of the three-way stopcock. After expiration of the indicated time, the 
gaseous medium of the sealed chamber did not differ in composition from the 
helium-oxygen mixture. The concentration of nitrogen and helium in the chamber 
was determined by means of electric gas analyzers of the %itrograph" and "pul- 
moanalyzator" makes of the Dutch firm ftGodartf', while the concentration of oxygen 
and C02 was determined by me instrument. After the 30-ainute 

the helium-oxygen mixture, the air 
hermetically sealed by closing the 

201 



after the animal was im 
re 

Holden apparatus, 

22, 27, 31 and 36".', At each of the indicated temperatures 10 control experiments 
were made in-an ordinary atmospheric environment ane 10 experiments in the 
helium-oxygen medium (in all 80 experiments). 

The experiments were carried out at chamber gas-medium temperature of 

EXPERIMENTAL RESULTS 

Changes in body temperature, breathing rate and heart contraction rate in the 
animals during the experiments are presented in Figs. 2, 3, 4 and 5. 

Codinement in the hermetibally sealed chamber at an ambient temperature of 
22" :led to a considerable drop in body temperature of the animals. In the helium- 
oxygen medium this drop took place at a considerably higher speed and was on the 
average 4', 4" greater than'in air. Typically, a corresponding drop in body tem- 
perature was observed in the air  as  well as the helium-oxygen media as early as 
a few minutes after sealing the chamber and continued all the way up until the 
animal perished. 

/22 
_I 

At a helium-oxygen temperature of 27' \the body temperature of the test animals 
began to drop immediately after sealing the chamber and at  the instant breathing 
stopped it was 3" lower' than in air. At the same time the body temperature in the 
control experiments for the first 8 minutes after sealing the chamber increased 
and only subsequently was'a gradual drop observed. 
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Figure 2. Variations in Pulse Rate (P), Respiration Rate 
(R) and Body Temperature (T) of the Animals at a Chamber 

Temperature of 22": 

1 and 2-Air and Helium-Oxygen Environments, Resp. 

Confinement of animals in a hermetically sealed chamber' also led to a con- 
siderable change in the respiratory function. After sealing the chamber the 
respiration rate of the rats increased in both the air and the helium-oxygen environ- 
ments, Typically, at all four investigated I temperatures of the ambient medium the - /225 
breathing rate was, as  a rule, higher in the helium-oxygen medium experiments 
than for the corresponding measurements in the control experiments. This showed 
up particularly evident in the series of experiments at temperatures of 22 and 27". 
Thus, e. g. ,. in the eighth minute after sealing the chamber in control experiments 
the respiration rate rose relative to the original values by 49% at a temperature 
of 22" and by 30% at 27", whereas in the helium-oxygen medium the corresponding 
increase in respiration rate was 71 and 67%. 

- 
Changes in tkie heart-contraction rate of rats during confinement in a her- 

meticallysealed chamber was intimately associated w i h  changes in body temperature 
(Fig. 2-5). 

In those cases when the body temperature of the animals dropped, a decrease /226 - 
was also observed in..the heart-contraction rate in both the air and the helium- 
oxygen environments, The pulse rate dropped simultaneously at approximately 
the same speed as the drop in body temperature. In the helium-oxygen medium 
at ambient temperatures of 22, 27 and 31" the decrease in heart-contraction rate and 
the drop in body temperature were more,pronounced than in air. 
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Notation the Same as  in Fig.. 2. 

If the body temperature bf the rats dropped, a corresponding increase in the 
heart-contraction rate was also observed. At an ambient temperature of 36"lthe 

both the air  and helium-oxygen environments. It was precisely in this case that 
the animals exhibited RO essential difference in degree of increase of the heart- 
contraction rate in the gas media being studied. 

/227 rats were noted to have an approximately identical rise in body temperature in - 

In all the experiments, without exception, cardiac activity was still observed 
at the instant the animals ceased to breathe. Given below are data on the heart- 
contraction rate of the rats at the instant respiration stopped at the various gas- 
environment temperatures: 

Gas medium . . . . 22" 27" 31" 36" 
Air. . . . , . . . . 65 82 116 114 

Helium-oxygen . .36 69 88 120 

As is evident from these data, the heart-contraction frequency of the animals 
at the instant they stopped breathing was directly proportional to the rise in charn- 
ber temperature. Atiambient temperatures of 22, 27 and 31" the heart-contraction 
rate in the helium-oxygen medium was noticeably lower than in air. At 36" no 
appreciable difference was observed in the pulse of the rats, 
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Figure 4. Changes in the Physiological Indices of Animals 
at a Chamber Temperature of 31". 

Notation as in Fig. 2. 

The results of determining the O2 and C02 content (in %) in the chamber 
atmosphere at the instant of death of the animals are given below:* 

c02 Gas medium O2 
A i r .  . . . . , 7.1 10.5 
Helium-Oxygen 6 .0  11.4 

The data given in the table indicate that in the helium-oxygen medium at a 
temperature of 22" 'the animals died at lower oxygen concentrations and higher 
CO concentrations than in air. 

The lifetime of the rats in the helium-oxygen medium at 22" increased as 
compared with air by 42%. As the chamber temperature was raised, this dif- 
ference gradually diminished. At 36" no statistically reliable difference was 

2 

* The gas composition of the chamber atmosphere at the instant the animals 
died was studied in the experiments performed at a temperature of 220. 
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Experi- sealing ' Time after f 
ment the cham- 'chamber (m 

ber' 

nounced than in air. When the 
chamber temperature was raised 
by the same amount (from 22 to 
36") the lifetime of the animals 
in the control experiments de- 
creased by 54.5%, whereas in 
the helium-oqgen medium this 
amount was 128.6%. 

DISCUSSION OF THE EX- 
/2: PERIMENTAL R,ESTJLTS L 

28 33 Among tlie experimental data 
,ling the! we obtained of greatest interest is 

the considerable increase in life- 
time of the animals in a hermetically 
sealed chamber in which the atmo- 
spheric nitrogen was replaced by 

:heUum at a temperature of 220, mc 
available literature contains no 

Figure 5. Changes in the Physiological 
Indices of Animals at a Chamber Tempera- 

ture of , 3 6 O :  

Notation as in Fig. 2. information on the effect of a helium 
-oxygen medium on animals con- 
fined in a closed volume. Therefore 

i t  is possible to make a judgement as to the reasons for the indicated increase in 
lifetime only on the basis of an analysis of the functional changes observed in 
animals in the course of the experiments we conducted, 

Lifetime (min) of Rats in a Hermetically Sealed Chamber at 

. . . . . . . 
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The most essential factor in explaining the increase in lifetime of the rats 
in a helium-oxygen environment is the variation in body temperature. In our 
experiments i t  was demonstrated that confinement in a hermetically sealed cham- 
ber without atmospheric regeneratian at an ambient temperature of 22" led to a 
considerable drop in body temperature of the animals both in the air  and in the 
helium-oxygen media. The analogous fact of a drop in body temperature of mice 
(by 3.9" while confined in a closed air  atmosphere at an ambient temperature of 
Zoo) as noted in [lo]. 

chambers are the decrease in oxygen content and the increase in C02 concentration 
in the inhaled air. Each of these factors exerts a specific effect on the heat regu- 
lation of the okganism. 

active factors in the confinement of animals in hermetically sealed 

It was found that oxygen deficiency in the inspired air leads to a drop in body 
temperature of animals even at ordinary room temperature [l, 3,4,9,13,15]. This 
occurs as  a result of depression of such heat-production mechanisms as mus- 
cular tremor and thermoregulatory muscular tonus [5.8]. A reduction of body 
temperature under $he conditions of oxygen deficiency may be considered as a 
defensive reaction of the organism, since the oxygen consumption of the animals 
decreased at the same time [13]. On the basis of his investigations, L. L. Shik 
arrived at the conclusion that a decrease in oxygen intake during hypoGa is a 
primary process, as a result of which hypothermea develops (due to a drop in 
heat production). Thus, a drop of body temperature under the conditions of 
oxygen starvation is an external symptom of a decrease in intensity of oxidizing 
processes in the organism and of oxygen intake. 

/229 - 

Increased concentrations of C02 in the inspired air  also exert a depressive 
effect on heat-production mechanisms, leading to a drop in body temperature 
[2,12,16]. In the case of increased C02 concentrations the body temperature 
decreases not only as  a result of a decrease in oxygen intake and heat production 
of the organism. 

Under the combined influence of oxygen deficiency and increased C02 con- 
centrations the depressing effect of these two factors on heat regulation is summed, 
leading to a stronger drop in the body temperature of animals [14,15]. These 
iare the basic reasons for disruption of heat-regulation mechanisms and for a 
decrease in body temperature when animals are exposed to an ordinary air  
environment in hermetically sealed chambers. 

sealed chambers, the effect of the two factors mentioned above is augmented by 
the effect of the. higher cooling properties of the helium-oxygen medium [7]. When 
there is an oxygen deficiency and C02 concentrations are  high, this effect is 
especially intense, since i t  appears against a background of depressed heat- 
production mechanisms and increased heat transfer. This situation is confirmed 

In case nitrogen is replaced by helium in the atmosphere of hermetically 

. 
ntal data obtained at an ambient temperature of [22]. In the helium- 

rature of the animals dropped 4.4" lower than in air. 
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The higher cooling effect of the helium-oxygen medium can be compared 
with the effect of a drop in a i r  temperature in hermetically sealed chambers. 
It was shown in [lo, 151 'that a decrease in the temperature of the air environ- 
ment leads to a lower drop in body temperature-and to longer lifetime of 
animals in a closed volume, The reason for this is the sharper decrease in 
oxygen intake by the animals. 

By comparing our experimental data with the results of the investigations of 
V. A. Konstantinov [lo] , i t  is easy to see that in both cases the lifetime of the 
animals increased as  a result of a lower drop in body temperature. The dif- 
ference consists only in the fact that in the helium-oxygen medium the more pro- 
nounced cooling of the animals was governed by the high thermal conductivity of 
the helium, while in Konstantinov's experiments it was governed by a decrease 
in temperature of the ambient air. 
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On the basis of the data we examined it is possible to reach the conclusion 
that the increase in the lifetime of animals occurred as a result of a more pro- 
nounced drop in the level of the exchange processes and of the oxygen intake than 
in air. An external Indication of this fact was the lower drop in body temperature 
of the animals. 

In Konstantinov's work [lo] itiis said that a decrease in air  temperature in- 
creases the lifetime of animals in a closed volume not only because of a sharper 
decrease in oxygen intake, but also because of a decrease of sensitivity of the 
animals to oxygen starvation. In his experiments the mice died at an air tem- 
perature of 5" \ under a low& oxygen content and higher C02 concentrations than 
at a temperature of 18r20". 

In the experiments we performed ati22",'death of the rats in the helium-oxygen 
medium set in at lower oxygen concentrations and higher C02 concentrations 
than in air. This is evidence of a decrease in sensitivity of the animals to oxygen 
starvation in the helium-oxygen medium at a temperature of 22O.1 

The assertion that the increased cooling effect of the helium-oxygen medium 
is the main reason for an increase in lifetime of the animals at a temperature of 
22" lis supported 'by experimental data obtained at other ambient temperatures. In 
the experiments it was established that the prolongation of the life of the animals 
in the helium-oxygen medium, as  compared with air, gradually decreases as the 
chamber temperature is raised to 27 and 31". At 36" no statistically reliable dif- 
ference in the lifetime of animals was observed. As the difference in lifetime of 
the rats in the helium-oxygen medium and air  decreased, so did the difference in 
body temperature. If at 22" the body temperature of the animals dropped around 
the time of their death in the helium-oxygen medium 4.4" lower than in air, at 
27 land 31" this value decreased, amounting respectively to 3 . 0  and 1.6". At 36" 
the body temperature in the rats no longer differed in the helium-oxygen medium 
and in air, rising by approximately the same amount toward the end of the experi- 
ments. 

- 

The gradual decrease in difference Of the body temperature of animals in the 7 /231 
helium-oxygen medium and air as the chamber temperature increases leads to 
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the final conclusion that the increased cooling effect of the helium-oxygen medium 
is the reason for the observed changes. As was pointed out in the preceding pa- 
per, the cooling effect of the helium-oxygen on the organism also decreases with 
increasing ambient temperature [7]. This occurs because of the decrease in heat 
transfer from the organism by conduction. 

As is well known, heat transfer by conduction, besides heat conductivity of 
gas, depends also on a difference between body temperature and the 
temperature of the ambient gaseous medium. In the experiments a chamber 
temperature rise to 27, and especially to 31" narrowed this difference and led 
to a reduction of heat transfer from the animals both in the air and the helium- 
oxygen environments. In the helium-oxygen medium, however, heat transfer 
by conduction was nonetheless, considerably greater than in air as  a result of 
the high heat-conductivity of helium. It is precisly this factor that explains the 
drop in body temperature of the mice in the helium-oxygen medium at 31", whereas 
in air an increase in body temperature was observed at the same ikne. In the' 
experiments conducted at 36", no essential difference was noted in the lifetime 
and body temperature of the animals in the helium-oxygen medium and in air. 
This is due to the fact that the body temperature and that of the ambient medium 
were practically equal, and therefore this is due also to the absence of conductive 
heat release either in the air or the helium-oxygen environments. Therefore, 
regardless of the high heat-conductivity of helium, heat exchange of the animals 
at the given ambient temperature did not differ substantially in the helium-oxygen 
medium and in air. 
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SOME PECULIARITIES OF THE SPEECH FUNCTION 
IN A CHANGED GAS MEDIUM 

V. S. Kuznetsov 

In recent years the interest of researchers has increased in the study of the 
effect on the human and animal organism of a helium-oxygen mixture obtained by 
replacing atmospheric nitrogen by helium [I-31. The substitution of helium for 
nitrogen has a very strong effect on the character of speech [21. 

In the available literature a relatively small number of papers [5,6]. has been 
devoted to the problem of studying the function of speech during the respiration of 
special gas mixtures. In 1962 there appeared the paper of R. Beil [91, which was 
devoted to the study of the frequency spectrum of vowels of the English spoken 
language pronounced while breathing a helium-oxygen (HeO) mixture. Spectral 
analysis of the recorded speech showed that the frequency of the fundamental 
changed but little in the H e 0  medium, while the frequency of the first, second 
and third formants of all vowels increase at a ratio dependent on the composition 
of the gas medium. 

In our experiments (I. Ya. Borshchevskiy and V. S, Kuznetsov), the peculiari- 
ties of speech formation while breathing an He0 mixture were studied in the 
course of two long experiments, of a total duration of 22 and 30 days, in which two 
test subjects participated, In contrast with the work of non-Soviet authors, the 
test subjects not only breathed, but were also continuously confined in the He0 
atmosphere for 10 and 25 days. The principal measurements were made in the 
morning hours, every two days during the experiment; control experiments in a 
normal atmosphere were performed 1 and 3 days prior to the beginning of the 
experiment and after its conclusion. 

During the experiment we studied the following characteristics. of the speech 
function 

1) the features of the frequency composition of speech from the results of a 
spectral analyzer of the vowels of Russian spoken language a, 0, i, y, u, e, both in 
the syllabes e, do, di, my,* and in the "standard phrase" paz, dva, tri; . 

lists of words; 

- 
2) the quality of speech formation, from articulation data, while reading 

3) the dynamics of the amplitude characteristics of speech. 

The %tandard phrase" used prior to the redearch is not generally accepted - /233 
and does not reflect a statistical distribution of the sounds of Russian speech, 
but because of its simplicity it is widely used in special investigations. 

The Ifstandard phrase" was pronounced by the test subjects in one breath 
5-6 times, and varied sounds were kept standard for 1.5-3 sec. In pronouncing 
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the sounds the test subj 

6 dbfoctave from 300 to 1,000 Hz; and 
determine the effect of aural self-moni 
He0 medium, b some cases the ears 
flers with earphones, throug'h which white noise or music was transmitted. Some 
word lists were read by the test subjects at a whisper. The microphones and 
throat microphone were located together with the test subjects within the object 
in which the artificial j atmosphere was created. The ch of the test subjects 
was recorded on a tape recorder having a smooth fr y characteristic of 
reproduction of1 3-3 db. 

The word lists were received by a team of trained auditors and the percentage 
of correctly received words 'was determined. Spectral analysis of the "standard 
phrase" and of the vowels was made by means of a spectreanalypr with 1/3- 1 
octave filters; for this purpose a roll of electromagnetic tape with a record of the 
standard phrase or of the vowel being investigated was spliced together. The 
roll was played on a tape recorder; from the output of the recorder the voltage 
was transmitted tolthe input of the spectral analyzer. The automatic switching 
rate of the filters was chosen so as to transmit the signal fromthe roll twice 
into one filter, In analyzing the vowels we determined the magnitude of the peak 
voltage developed by the signal of each sound in the 1/3-octave filter. 

In the two experiments a total of 95 lists of 25 words each were subjected 
to articulation studies. Of these, 61 lists were read while breathing the H e 0  
mixture and 34 under ordinary conditions. Each of the 6 vowels used were pro- 
nounced by the test subjects 100 times, and of these, 75 times in the He0 medium. 

EXPERIMENTAL RESULTS 

As is well known, a speech wave is characterized by a specific spectral 
shape whose resonant peaks are known as formants. The most intense harmonic 
components of the acoustic oscillations are concentrated in the formant regions. 
The classical theory of speech formation ascribes to each voiced sound a partic- 
ular place for its formants in the frequency scale, making it possible to identify 
the different vowels [6]. Spectral analysis of the sounds by means of the 1/3- 1234 - 

and in the He 
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ality. '' 
The increase of the formant frequencies of the vowels in the He0 atmosphere 

can be explained by the physical features of this gas mixture, in particular by the 
speed of propagation of the acoustic oscillations in the mixture and by the functional 
nature of the articulatory system. The artificial gas mixture used in the experi- 
ments contained 21% oxygen, 2-4% nitrogen and up to 75% helium. The rate of 

a sound propagation in the gas mixture can be determined by the following formula: 

~ 

where Qi are the molar fractions of the different components (for ideal gases they 
coincide with the volumetric ratios); lV$, Ovi are the molecular weights and the 
heat capacities of the respective components; R is a gas cons 
cal/deg x mole or 8.314 x lo7 erg x deg /mole 141. 

t, equal to 1.987 

1235 By substituting the corresponding values into the formula: - 



air  stream by the vocal chords, and of the filtering function of the vocal tract 
(T) [7]. The investigations of R. ,Beil show that the fundamental frequency of the 
voice, i. e., the oscillation frequency of the air  stream does not change when 
breathing on He0  mixture. Consequently, the replacement of nitrogen by helium 
has no effect whatever on the functioning of the vocal chords. On the contrary, 
the function T, which is equivalent to several coupled resonators, may change 
considerably when the speed of propagation of sound increases. According to 
[9], the frequency of each formant is determined by the ratio of the sonic velocity 
to twice the length (In) of the corresponding equivalent resonator, i. e. , fn = 

C/2 In. On the basis of this fact, it can be assumed that when the articulatory 
cavities are filled with an He0 mixture, the frequency of the formants increase, 
as compared with air, proportionally as the sonic velocity in the H e 0  medium 
exceeds the sonic velocity in air, i. e. , by a factor of 1.63 in the case being con- 
sidered, corresponding to a shift of 0.8 octaves toward the higher frequencies, 
Generalizing these conclusions, it can be said that speed formation in different 
gas mixtures is characterized by a shift in the location of the formants on the 
frequency scale, the shift being dependent on the ratio of the sonic velocity in the 
new medium to that in air. Frequency analysis of vowels in an H e 0  mixture has 
shown sufficiently good agreement of this conclusion with actual results. Without 
doubt, filling a resonator with the He0 mixture leads to a change of the entire trans- 
fer function of the speech tract; this, in particular, causes a reduction in the 
intensity of the high-frequency components of the spectrum. We did not make 
a special quantitative analysis of this phenomenon. 

in speech intensity (on the average 5 db) is observed immediately upon the transition 
to breathing the He0 mixture. On the second day of confinement of the test sub- 
ject in the artificial atmosphere, the speech level increased almost to the 
original level owing to compensatory reactions and to aural self-control. Elimi- 

did not lead to a reduction in speech intensity or to a sharp deterioration of 
articulation (see the table). Sounds pronouncedby thetest subjects in the He0 
medium are not only well identified, but also transmit certain personal traits of 
the speaker which are defined, as we know, by the fine structure of the spectrum. 
This is also confirmed by the articulatory changes, From the table it follows 
that the percentage of speech recognition when breathing the H e 0  mixture is close 
to 100. Especially fine are  the results using the MD-55 and DEMS-1A micro- 
phones; somewhat worse is articulation using the laryngophone. 

- It is necessary toemphasize, however,) that the high percentage of recog- 
nition obtained in our experiments is explained by the good transmission con- 
ditions, by the high redundancy of the Russian language, and is supported by 
the considerable force of the aural and vocal compensation mechanisms. A 
proof of this may be the sharp reduction in speech recognition when reading word 
lists at a whisper (see the table). Elimination of the voice from the speech- 
forming process leads to a decrease in recognition from 95 to 50%. It must be 
assumed that in actual space flight the use of a helium-oxygen mixture may re- 
sult in considerable deterioration of the communication quality in the presence of 
noise during transmission and reception if: various speech correction measures 
are not provided for. 

/ 

In studying the amplitude levels of speed it  was found that a certain reduction 

/236 nation of self-auditing by' transmitting white noise and music to the earphones - 
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1. 

Microphones 

MD-55............. 
DEMSh-1A . . . . . . . . 
LA-5 . . . . . . . . . . . . 
MD-55, whis ering . 
DEMSh-1Awfispering 
MD-55 transmission 
of whi te noise into the 
earphones 

2. 
3. 

r medium Helium-oxygen medium, days 

’1-st 1 2-nd 3-r 5-thV9-th 18-t424-h 29-Q 
gvs ‘if test1 ~ or the-test 

I 

100 100 103 100 95 95 , 100 100 
95 100 100 100 100 ‘io0 103 100 
85 85 70 70 90 80 55 80 :z i’i 
100 103 95 95 95 90 

4. 

5. 

6. 

7. 

8. 
9. 

Recognizability of Speech (in %) From the Data of 
Articulatory Measurements 
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RESPIRATION OF OXYGEN AT HIGH PRESSURE, FEATURES OF AND 
TRAINING FOR SUCH RESPIRATION AND THE PHYSIOLOGICAL BASIS 

V.A. Skrypin 

In a preceding article [4] we showed that the so-called reserve time of man 
at high altitudes is s o  small that it does not answer the safety requirements for 
high-altitude and space flight. According to our data, if the oxygen supply is cut 
off, the reserve time of a pilot and astronaut at an:altitude of 9000 m is num- 
bered in minutes, and in seconds beginning at an altitude of 10 , 000 m. As our 
investigations in a pressure chamber have demonstrated, when a spacecraft 
cabin is depressurized at altitudes greater than 13,000 m y  the crew is in danger 
of quick loss of consciousness, regardless whether pure oxygen is being breathed 
or not. The reason for loss of consciousness under such conditions is the abrupt 
drop in partial oxygen pressure in the inhaled and aleveolar a i r  and blood deoxy- 
genation, typical for such altitudes, i. e., losses in oxygen reserves through the 
lungs. 

The results of a study of the problem of the reserve time of a human being 
in the entire range of flight altitudes and especially the strikingly small values 
at high altitudes were the reason for further search for effective ways and means 
which might substantially increase the reserve time of a pilot and astronaut in an 
emergency situation at high altitudes. 

The positive role of carbon dioxide in preventive treatment of oxygen de- 
ficiency has been widely emphasized in the literature, and suggestions have been 
made that the respiration of carbogene may considerable strengthen the high- 
altitude stability of the human organism to oxygen deficiency at high altitudes 
[2-8, 121. It was demonstrated by us experimentally that when breathing carbo- 
gene at altitudes of 13,500 m and above no increase in reserve time is achieved; 
in fact, deterioration was observed in a number of cases as compared with the 
respiration of pure oxygen. 

The basic reason for the loss in human efficiency and for the sharp deter- 
ioration of his general state and well-being when breathing carbogene *was the 
onaet of acute oxygen deficiency, which represented a direct threat to his life 
t51 

/238 

It has become obvious that it is possible to maintain satisfactory efficiency 
of a-pilot and astronaut and to prevent loss of consciousness when the cabin is 
depressurized at great altitudes only by ensuring a sufficient oxygen supply for 
the human organism in such an emergency situation. 

In this connection the idea has arisen of supplying oxygen to the respiratory 
tracts of man under increased pressure. 

- *  
Translator's Note: Oxygen with admixture of CO,. 
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Tests of the new method of breathing and of test samples of oxygen devices 
have yielded encouraging results. Despite fixed preconceived views, it has 
been found that it is possible to breathe for sometime when there is considerable 
resistance to expiration [ 111. 

Tests of this method of breathing have shown that an increase of 15-25 mm 
Hg oxygen pressure raises the ceiling for a pilot. At such values of pressure, 
altitudes of 15,200 m can be reached and maintained for 3-5 minutes. 

- 

Pilots using this method of breathing have given positive reports and have 
remarked that they are less fatigued than when they had to use oxygen equipment 
of the usual type. 

The new method of breathing has proved to be a highly effective measure in 
raising the oxygen supply of the organism at high altitudes. 

In the opinion of other authors the factors limiting the application of respira- 
tion at increased pressure may be negative psychological moments (fear) and 
disruption of the blood circulation. Judging from our experiment, however, the 
training program we introduced for breathing at increased pressure leads to the 
development of adaptation by the organism to the unusual breathing and to re- 
structuring of the respiration process: unpleasant subjective sensations are 
considerably weakened or disappear entirely. Insofar as circulatory disorders 
are concerned, the use of excess pressure of 2032 mm Hg at altitudes of up to 
13,706 m do not cause noticeable derangements of blood circulation. 

When the excess oxygen and the altitude of climb are further increased, 
serious disruptions in blood circulation may appear, going so far as collapse or 
fainting. Although the contingent of flying personnel and astronauts is selected 
from among candidates distinguished by a superior cardiovascular system, it is 
not permissible to fail to allow for the possibility of serious disorders in blood 
circulation at high excess pressures at maximum altitudes. In fact it can be 
easily imagined that one-sided increase of the excess pressure in the closed sys- 
tem of oxygen equipment and lungs may lead to a considerable increase in the 
intrapulmonic and intrathoracic pressure. The major venous channels may be 
contracted: the suction action of the thorax during inspiration may become 
sharply attenuated. If the cardiac muscle is relatively weak, the return of blood 
to the right ventricle may decrease, resulting in a reduction of the blood volume 
per minute and per beat, thus sharply changing the well-being and the general 
status of the test subject for the worse. Judging by our data as well as by those 
of other authors, such cases occur comparatively infrequently, since it has been 
found that when breathing at increased pressure the blood pressure also increases, 
although to a lesser extent as compared with that of the excess oxygen pressure 
used in the space beneath the mask [ 111. It is urgently recommended that high- 
pressure respiration be combined with the use of external compensatory equip- 
ment in the form of a special high-altitude compensation suit [ 9, 10 ]. 

/ 239 - 

Application of the new method of breathing oxygen at increased pressure is 
accomplished in two ways. In the first way the excess oxygen pressure in the 
closed system is maintained constant during the entire respiratory cycle; the 
intrapulmonic pressure is kept continuously at a higher level as compared with 
the ambient atmospheric pressure. In the other method, respiration is accom- 
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plished with variable pressure at various phases of the respiratory cycle. The 
excess oxygen pressure is produced only in the inspiration phase, and expiration 
is accomplished either freely, when the excess pressure is completely ejected, 
or during expiration and the respiratory pause only a part of the excess pressure 
is ejected to reduce the resistance to respiration at the most difficult moment- 
in the expiration phase. At the present time it is still difficult to say which of 
these two methods of breathing oxygen under increased pressure should be pre- 
fer red. 

In our opinion, respiration of oxygen under continuous constant pressure has 
a considerable advantage over respiration under variable, non-constant pressure, 

When breathing oxygen under increased constant pressure, it is easier to 
keep the partial oxygen pressure in the expired and alevolar air at a stable and 
necessary level; which is the main purpose for breathing oxygen at increased 
pressure. Moreover, the organism adapts more readily to constant, invariable 
conditions. Pressure constancy in a closed system eliminates the unpleasant 
subjective sensations of labored respiration \which exists1 in man when the upper 
respiratory tracts a re  irritated by pressure fluctuations. 

A major drawback of breathing oxygen at increased constant pressure is the 
unrelieved stress on the respiratory musculature, particularly on the muscular 
apparatus of inspiration, which remains in a state of continuous tonic contraction. L2&0 
This continuous static work of the respiratory musculature causes constant hu- 
man stress and strain in breathing oxygen under increased pressure and rapidly 
leads to depression of respiration and general fatigue. In the opinion of some 
authors, the rapid onset of fatigue during static work is due to the prolonged and 
continuous process of excitation in the central nervous system as a result of the 
continuous flux of afferent pulses from the working muscles, as well as  being 
due to difficulties of blood circulation in the muscles. All  this leads to a restric- 
tion of the oxygen supply to the muscles and to accumulation of exchange products. 

From our viewpoint, it is doubtful whether it should be considered expedient 
to put the oxygen under pressure only during the inspiration phase with the de- 
sire of eliminating labored resistance to expiration. An essential drawback to 
this method of respiration with alternating pressure is primarily that application 
of increased pressure during the expiration phase and the respiratory pause ne- 
gates the advantage of breathing oxygen at increased pressure, because during 
ithe expiration phase and the'respiratory pause the blood again is saturated when 
the oxygen pressure in the alveolar air is equal to the pressure of the ambient 
atmosphere. Consequently, this method of breathing cannot guarantee a constant 
level of partial oxygen pressure in the alveolar air. 

The suggestion that the amount of excess oxygen pressure be considerably 
increased during the inspiration phase so as to raise the mean partial oxygen 
pressure in the alveolar air cannot be adopted, since hyperventilation of the 
lungs, which would occur in this case, may lead to substantial erosion of C 0 2  
and, consequently, to a dangerous degree of hypocapnia. 

not with'complete interruption of pressure in the expiration phase, but only dur- 
ing some portibn of it, which would have to be determined experimentally. 

Of considerable interest is the respiration of oxygen.at increased pressure 
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All  researchers into the problem of breathing oxygen under increased pres- 
sure know quite well that even in this case, when we apply respiration of oxygen 
at constant pressure, it is impossible fo prevent the excess oxygen pressure in 
the space under the mask, and therefore in the lungs, from dropping during the 
inspiration phase, when the chest cavity expands. On the other hand, during ex- 
spiration it increases. Consequently, there are slight fluctuations in excess oxy- 
gen pressure even when breathing- under constant pressure. They depend on 
variations in the capacity of the chest cavity during the in- and expiration 
phases. 

Taking the constant stress and strain of the human being into account, due 
to static strain on the basic and auxiliary respiratory musculature while breath- 
ing oxygen under constant high pressure, aggravated by the static strain on the 
skeletal musculature due to the tightening and continuous compressing high-alti- 
tude compensation suit, it is necessary to think about reducing the constant 
stress and strain on the pilot by allotting him brief periods of rest during the in- 
dividual phases of the Pespiration cycle. Such short-term periods of rest during 
the individual respiratory phases can be achieved by partial interruption of the 
excess oxygen pressure in the space under the mask as well as in the chambers 
of the tightening device of the high-altitude compensation suit, The magnitude of 
such partial interruption of the excess oxygen pressure in the mask space and in 
the chambers of the tightening device must not exceed the valiue at which acute 
hypoxia o r  hypocapnia may arise. It must be completely sufficient to remove, 
completely or partially, the stress and strain on the pilot during these rest 
periods. 

With such variable pressure and partial interruption of the oxygen pressure 
under the mask and in the chambers of the tightening device of the high-altitude 
suit, it is possible to reduce the stress and the overall strain, which sharply 
limit the time of exposure of a pilot and astronaut at high altitudes when breathing 
oxygen under increased pressure. In this case we can hope for an improvement 
in the supply of blood to the respiratory and skeletal musculature and for,  attenu- 
ation of the flux of afferent signals into the central nervous system, and therefore 
for better altitude endurance and longer exposure time for pilots and astronauts 
when breathing oxygen with alternating increased pressure. 

Such, in general outlines, are the purpose, approaches and methods of ap- 
plying oxygen respiration under increased pressure in aviation and astronautics. 
In the experiments we conducted, the use of the new method of breathing oxygen 
under very high pfessdre incfeased the reBePv8 time of a human being by several 
factors in an emergency situation at altitudes of more than 13,000 m and gave 
him the capability of bmergency descent xvith an airplane to a safe altitude. It 
must be immediately emphasized, however, that positive results can be realized 
with the new breathing method only when, the process of learning the unusual and 
difficult method of breathing with appreciable resistance to expiration is cor- 
rectly organized, when the techniques and rules of use of the oxygen equipment 
are thoroughly known, when the special high-altitude gear is correctly chosen 
and thoroughly adjusted, and when the flying personnel is given rational prepara- 
tory training in breathing oxygen under increased pressure. 
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Teaching and training flying personnel and astronauts to breathe oxygen 
under increased pressure are the most important of the conditions enumerated 
above. 

There are various opinions on the problem at hand. The aim of the present 
paper is to examine, in the light of aviation and space medicine, the physiologi- 
cal prerequisites that must be taken into account in developing a rational sched- 
ule for training flying personnel and astronautB to breathe oxygen under increased 
pressure. 

\resistance to expiration is at first unpleasant and is painfully endured by a 
human being, especially when the uncompensated excess pressure is at maximum 
values (25-30 mm Hg). But repeated systematic training leads to development of 
adaptation to this method. In each of our test subjects we observed the process 
of adaptation of the organism to respiration of oxygen under increased pressure, 
in the form of a number of high-altitude exercises'with gradual increase in the 
magnitude of the excess oxygen pressure under the mask and in the altitude of 
climb in each successive exercise. ' Our suggestion concerning the expediency 
and necessity of introducing preparatory training for respiration of oxygen under 
increased pressure was based on the fact, widely known in the field of physiology, 
that the repeated systematic action of any stimulus leads to the evolution of adap- 
tation, resulting in the appearance and development of new coordinational relation- 
ships in the central nervous system and its higher organs and, in the final account, 
attenuating the action of the stimulus. Sometimes the organism ceases to react 
to the stimulus altogether. 

the processes of respiration and blood circulation. 
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Respiration of oxygen under increased pressure when there is considerable 

On the other hand, we know that the cerebral cortex has direct effects on 

When breathing under increased pressure, strong unusual fluxes of afferent 
pulses are transmitted to the central nervous system as a result of stimulation 
of the receptors of the respiratory and cardiovascular systems as well as of the 
respiratory musculature and organs of the bust cavity. It has been found that 
these pulses inhibit respiration by reflex, leading to a reduction in blood pres- 
sure and to damping of the cardiac activity. 

Respiration under increased pressure leads to functional disorders in the 
respiration and blood-circulation processes which are proportional to the magni- / 243 
tude of the excess oxygen pressure in the space under the mask. The maximum 
value of the excess (uncompensated) pressure that can be endured by the human 
organism is 25 mm Hg. Even in this case, however, the act of respiration and 
the process of blood circulation are not immediately normalized, but only grad- 
ually during the process of adaptation of the organism as a result of restructur- 
ing of the coordinational relations in the central nervous system often a number 
of repeated exercizes , increasing in difficulty, while breathing oxygen under 
increased pressure. The magnitude of the uncompensated excess pressure of 
30 mm Hg represents a limit on the compensatory capabilities and is no longer 
endurable by the human organism, either with high-altitude or ground exercizes , 
while breathing oxygen under increased pressure (A. P. Apollonov, M. I. Vakar , 
P.K. Isakov, et al.). 
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On the other hand, the investigations we made in 1950 on the partial pres- 
sure of gases in the alveolar air when breathing oxygen under increased pres- 
sure revealed a considerable decrease in the partial O2 and C02 pressure, es- 
pecially at those altitudes which are the limit of application of oxygen equipment 
with excess pressure, The partial oxygen pressure in alveolar air at an altitude 
of 15,000 m (using an oxygen system of the KP-28 type) fluctuated within the 
limits of 37-48 mm Hg and came close to its critical level (about 30 mm Hg), 
which is the hypoxia limit that is unendurable to the human organism. The par- 
tial C 0 2  pressure at the same altitude fluctuated in the range 20-26 mm Hg, 
which also comes close to the critical hypocapnia limit. 

Our studies revealed the dangerous effect of hypoxia and hypocapnia when- 
ever the partial oxygen pressure in alveolar air  dropped below the limits of 40 
mm Hg and the partial C02 pressure below 20 mm Hg while untrained personnel 
breathed oxygen under increased pressure. 

Thus , when breathing oxygen under increased pressure, the human orga- 
nism is subjected to the complex effect of strong and unusual stimuli. Among 
these the most important are the excess pressure itself, hypoxia and hypocapnia. 
All  these factors, or each of them separately, when they reach an extraordinary 
level, may become the leading factor in the negative effect of altitude on the hu- 
man organism. It is obvious that either of the three, excess pressure, hypoxia 
or hypocapnia, may play a negative part in the genesis of functional disruptions 
of the organism at high altitudes, the negative effect being aggravated when all 
three exert a simultaneous effect on the organism. 

Of major importance in the complex effect is apparently the factor which, 
under given concrete conditions, first reaches the level at which it is critical 

significance of the effect of the very factor of air rarefaction and of the resultant 
effects, namely , decompression phenomena, tension of the nervous-psychic type 
during tests in a pressure chamber or in high-altitude flight, and the appreciable 
static muscular work involved in using sets of oxygen equipment while tightly 
laced up in a high-altitude suit. All this complicates pilot activity and aggravates 
the effect of the major active factors on the human organism while breathing oxy- 
gen under increased pressure. 

for the organism. Besides the major active factors we cannot underrate the 
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A negative psychological outlook and the volitional qualities of the ,examinee, 
who may or may not be capable of supressing the adverse moments (fear, lack of 
confidence in the equipment, in oneself, uncertainty of one's capabilities, etc. ), 
are of considerable significance, especially during the first'exercises and climb 
operations while breathing oxygen at high pressures. This negative aspect may 
be the reason not only for changes in the activity of a number of organs and sys- 
tems, but may also cause or aggravate the evolution and duration of a number of 
adverse, purely vegetative reactions, leading to deterioration in the well-being 
and overall state of the test subjects' organism while breathing oxygen at increas- 
ed pressure (retardation of pulse rate, paleness, cold sweat, collapse, incipient 
fainting state or fainting state). Consequently, a negative psychological outlook 
may in itself be the only reason for failure to endure altitude and respiration 
under high pressure, 
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This brief examination of all the physical, physiological and psychic factors 
of oxygen respiration at high pressure was intended to demonstrate that the new 
method of respiration lays an additional strain on the human organism and places 
it in the unusual conditions of existence at high altitudes. In particular, demands 
are made on the functional state of the nervous-psychic sphere and on the activity 
of the cardiovascular system and of respiration. 

By analyzing all cases of abrupt deterioration of the well-being and state of 
the human organism, of spastic seizures and of fainting at high altitudes when 
breathing oxygen at high pressure on the part of our test subjects , we found that 
such events occurred, as a rule, during the first exercises, or during repeated 
exercizes only when they were applied at an altitude greater than the magnitude 
of the excess oxygen pressure or when the partial O2 and C02 pressure in the 
alveolar air dropped to the critical level. Sometimes a sharp deterioration in 
well-being at high altitudes set in because of psychogenic instability. It was 
obvious that familiarization climbing operations alone are not sufficient for in- 
troducing the new breathing method. 

Unusual respiration with considerable resistance to expiration led to trans- 
formation of the normal breathing act and to disruption of the normal blood-cir- 
culation processes (retardation in blood flow, stagnation phenomena in the major 
and minor blood-clrculation channels). On the other hand, the detection of pro- 
nounced degrees of anoxia and hypocapnia when breathing under high pressure, 
particularly at high altitudes, inevitably compelled the researchers to believe 
that it was necessary to carry out special preliminary training of the flying per- 
sonnel to breathe oxygen at high pressure, with gradual, consistent accommoda- 
tion to ever higher values of excess oxygen pressure and of climb-altitude. 
With repreated exercizes breathing oxygen at increased pressure the test sub- 
jects, as a result of functional restructuring, were observed to adapt, to accus- 
tom the organism not only to excess pressure, but also to hypoxia and hypocapnia, 
if their intensity does not surpass the critical level. 
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According to our data, in order to evolve a new stereotype of respiration and 
adaptation by the organism to hypoxia and hypocapnia, five to seven high-altitude 
training exercises are necessary , with gradual, accommodation to progressively 
higher altitudes and increase in magnitude of the excess pressure. The time of 
exposition at each altitude must be no less than 10-15 min, with the condition, of 
course, that the test subjects exhibit satisfactory endurance and comfort. It is 
possible, in principle, to reduce the number of sessions , but to do so  i t  is neces- 
sary to increase the time, of exposure of the test subject at any given altitude. 

Psychological adaptation also sets in during the process of preliminary 
training, accompanied by successive and constant accommodation to increasing 
values of excess oxygen pressure and climb altitude. 

Training for respiration of oxygen under increased pressure must be car- 
ried out taking the individual characteristics of the test subject's organism into 
account. In some cases it is possible to reduce the number of training sessions, 
and in other cases a larger number may be required to reach the desired effect. 
Deliberate, unreasoned reduction of the number of training sessions may lead to 
serious functional disorders , even to collapse or fainting. 
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At the present time special training of flying personnel in a pressure cham- 
ber with successive accommodation to high altitudes and increasingly high values 
of excess oxygen pressure is acknowledged to be the necessary condition for 

1 achieving high efficiency in the use of high-pressure oxygen respiration in flight at 
high altitudes. 

On the basis of all that has been said above, as well as on the basis of ex- 
perience gained in training /flying personnel to breathe oxygen at extremely high 
pressure, it has become obvious that further development of a rational training 
schedule must be based on the physiological characteristics of high-pressure 
oxygen respiration, taking into account all the factors that might have a negative 
effect on the human organism under such conditions (oxygen deficiency, excess 
pressure, hypocapnia, decompress ion phenomena, negative psychogenic mo- 
ments , etc. ) . 

Suggestions that successive high-altitude training of flying personnel to 
high-pressure oxygen respiration be replaced by two - three familiarization 
climbing operations in a pressure chamber or  that such training be limited in 
general only to ground exercises must be rejected as scientifically unfounded. 

Consecutive preliminary training of flying personnel and astronauts for high- 
pressure oxygen respiration, for gradually increasing values of excess oxygen 
pressure in the inspired air and of climb altitude, has , as its p r i m a e  aim, the 
development of' the human organism to adapt to all the active factors in such a 
situation. Such adaptation is achieved with a specific number of training sessions 
and sufficient exposition time. 
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Familiarization climbs or ground exercises alone have a different purpose 
and cannot bring about adaptation of the organism to the extent necessary for 
successful mastery of the new breathing method. 

During the process of training in the new respiration method familiarization 
climbing operations and ground exercises as well as the showing of special train- 
ing films demonstrating the new oxygen equipment and the rules for using it are 
necessary stages in the accommodation process. 'Moreover, ground exercises i and 
familiarization climbs may be the initial Sink hi the process of training flight per- 
sonnel and astronauts in high-pressure oxygen reapiration. 

In real Flight conditions, however, the sirrrtlptmems complex effect of all the 
active factors Dn the human organism is dmr~cter is t ic .  Consequently, a ra- 
tionally designed training schedule must, or com$etely as possible, take in this 
complex of stimuli in order to approximate the real conditions of high-altitudes 

- and space flight. 

In our opinion, the training schedule should expediently provide for a final 
exercise at maximum altitude at msrxirnu.,n values of excess oxygen pressure and, 
in contraai with all the other preceding pxercises, ',should be carried out with an 
abrupt drop of barometric preseure w i t h  the chamber. This exercise would 
imitate the conditions of sudden depressurization of the cabin in high altitude and 
space flight and might make it possible to objectively evaluate the effectiveness 
of the entire preliminary training of pilots and astronauts in high-pressure oxy- 
gen breathing. 
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According to our data, high-pressure oxygen respiration, complicated by a 
rapid, abrupt drop in atmospheric pressure, is a serious ordeal for an untrained 
organism. In such cases circulatory collapse and fainting have sometimes been 
observed. 

As technical progress is made in developing the new type oxygen-respiration 
equipment and compensating suits it is not impossible that a certain improvement 
will be achieved in supplying oxygen to the organism and in damping the deleterious 
effect of the other factors, But we will not succeed in eliminating such deleterious 
effects to the same extent as achieved using a high-altitude emergency suit. 

Even with the most perfect model of a high-altitude suit we will not be able 
to achieve uniform distribution of pressure over any part of the human body. But 
the nonuniform pressure distribution exerted on the human body by a high-alti- 
tude-compensation suit is the source of uncompensated excess pressure which, 
in turn, is accompanied by a certain degree of hypoxia and hypocapnia. And 
therefore even in this case it is necessary to conduct preliminary persistent 
training of flight personnel and astronauts in breathing oxygen under high pressure 
so  a s  to adapt the; organism to the unfavorable factors. 

In conclusion we would emphasize once again that the development of a ra- 
tional training schedule for flight personnel and astronauts in breathing oxygen 
at increased pressure, taking the physiological role of all the active factors into 
account , will help the flying personnel1 to accommodate faster to the new breathing 
method and to the new oxygen equipment sets in aircraft and will permit such 
personnel to make life-saving descents in an emergency situation at high altitudes 
during aviation and space flights. 

1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 

REFERENCES 

Vladimirov, G. Ye. , Dedyuline, I. M. , andFedorov, I. I. Izv. AN SSSR,. 
eogr. i geofiz. ; Nos. 4-5, p. 485, 1939! 

Pzrov ,  I.R. Byull. eksperim. biol. i med. ; 1 Vol. 4, p.. 37, 1943. 
Petrov, I.R. Voyenno-san. delo; Vol. 11,' No. 20, pp. 50-51, 1942. 

ISkrypin, V.A. Voyenno-med. zhurn. ; No. 6, p. 10, 1959. 
Skrypin, V.A. u., No. 1, p. 15, 1960. 
Strel'tsov, V. V. Grazhdanskaya aviatsiya; Vol. 5, p. 29, 1941. 
Strel'tsov, V. V. Trudy nauchno-issled. aeroinstituta; , No. 1, p. 5, 1933. 
Aggazotti, A. Rend. Att. Acad. Zinci; Vol. 13, p. 224, 1904. 
Barach, A. L. ,andEckman, M. I J. Aviation. Med. ;i Vol. 18, No, 1, 1946. 
Barach, A. and Eckman, M. - Ibid. ; Vol. 18, p. 139, 1947. 
Gagge, A. E. and Capt, S. C. - Ibid. ; Vol. 16, No. 2, 1945. 
Margaria, R. Riv. Med. Aeronaut.; Vol. 1, No. 7, 1938. 

' 225 
\ 



THE EFFECT OF PHYSICAL TRAINING UNDER NORMAL AND INCREASED 
PARTIAL OXYGEN PRESSURE ON THE STABILITY OF WHITE MICE 
TO TRANSVERSE GRAVITATIONAL ACCELERATION AND HYPOXIA 

_. 

P. V. Vasil’yev and N. N. Uglova 

In experiments on white rats it was shown that with optimal physical train- 
ing programs a distinct increase was observed on the stability of the animals to 
overheating , cooling , irradiation with X-rays, and to certain infections and poi- 
sons 16, 7, 9, 16-19]. 
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Muscular training of white mice by swimming over a period of 25-60 days 
increased their resistance to alcohol, oxygen deficiency, high and low tempera- 
ture, and also to positive acceleration [16-181. Of course, the evaluation cri- 
terion in the latter case was the time for recovery by the mice of the capability 
to move in a straight line, and it is only natural that such a test does not reflect 
the overall resistance of the organism to gravitational acceleration. It does 
make it possible, however, to obtain interesting data on the characteristics of 
the functional state of the vestibular apparatus. 

Combined application of physical training and of dibazole has proved to be 
more effective than separate application of each. 

Analysis of the physiological dislocations that set in when a muscular load is 
applied [ 3, 5, 13, 15, 21 , 221 and comparison of them with the pathogenesis of 
disorders occurring during gravitational acceleration have made it feasible to 
undertake this investigation. 

The task of the present paper was the study of the effect of physical training 
and its combination with hypoxia on the overall stability of animals to the action 
of transverse gravitational acceleration and gradually developing oxygen starva- 
tion (deficiency). 

Procedure 

The experiments were carried out on 380 semi-mature male white mice 
weighing 18-25 g. Each test (trained) group had an equivalent control (untrained) 
group of mice exposed to the same conditions. 

The muscular training was accomplished by presenting two types of physical - 

load: primarily static and dynamic. The static load was applied by means of ver- 
tical perches, aluminum tubes of 10-mm diameter, the entire length of which was 
wound with vinyl chloride tape. All the tubes were mounted on a single frame. 
To reduce sliding by the mice, rubber rings were placed around the tubes at in- 
tervals of 3-5 cm. For the purpose of restricting the mobility of the animals and 
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by preventing them from jump 
merged in low-temperature 
cular loading was not the same 
the perches and by varying the 
means of leucoplaster. 

a water temper,ature of about 28". 
The dynamic load was achieved by having the mice swim in a bath-tub with 

Under high-mountain conditions (altitude 2100 m) the training was carried 
out only on the perches; at the same time a group of mice left in Moscow as  the 
control group was trained by the same procedure. 

After completing the training period, the animals were subjected to the 
effect of gravitational acceleration (45 g's, twice for ten minutes at 10-min in- 
tervals) on a centrifuge; the arm radius of the machine was 4.7 m, The rate of 
g-loading was lg/sec. 

At the same time as the basic investigations to determine the stability of 
mice to the effect of gravitational acceleration were being conducted, small 
groups of animals were also being experimented with to study the effect of mus- 
cular training on stability to gradually increasing hypoxia. This was done by 
placing 3-5 experimental mice and the same number of control mice into herrnet- 
'ically sealed desiccators having a volume of 7595 ml. The moisture and Cog 
/were absorbed by silica gel and soda lime. The lifetime in the closed space 
was recorded. 

Results and Discussion 

As is well known, training effectiveness is achieved by finding optimal train- 
ing schedules for the problem. At the same time a very essential factor is the 
form of muscular loading, its magnitude and frequency of application. 

N. V. Zimkin [ 61 ' indicates that only physiologically justified optical muscu- 
lar stresses favor the development of progressive changes which facilitate an in- 
crease in the stability of the organism to the unfavorable effects of the environ- 
ment. 

On the basis of this fact we tried first of all to determine the optimal training 

The first series of tests was applied to,85 mice. The training lasted 30 days. 

The first group was trained on perches with a 10% weight attached to the tail. - /250 

conditions. 

All the mice were separated into 3 equal-weight groups. 

Training was carried out every other day. The duration of the first session WILS 
3 minutes; each succeeding session w a ~  increased by 1 min. The maximum time 
of physical training at the end of the experiment was 15 min. 

- 

The second group was trained with the same load. Each day the length 
Thus, toward the end of the experiment it of the session was increased by 1 

equaled 30 min, 
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And finally the third group serv 

Before and after 
servations are pres 

1 
2 
3 

TABLE 1. Variation in Weight {in g) of the Trained and Control Mice 
Over 30 Days 

29 
29 
27 

Before Training Weight gain in 
No. of Group 1,~~l % over the orig- 

No. of animals Weigh No. of animals Weight inal weight 

29 
26 
27 

26.9 
26.7 
26.7 

24.6 

24.1 
24.7 

No. of the 
group 

No. of 
animals 

9; 4 
8.0 

10.8 

Outcome 

;Perished ,Survived' 

17 12 
12 14 
20 7 

From the table it is evident that all the groups had approximately the same 
gain in weight. The observed differences in weight gain were statistically in- 
significant, This permits us to assume that the training was not excessive. 

On the second day after completion of training the mice were rotated on the 
centrifuge to determine stability to gravitational acceleration. The experimental 
results are  presented in Table 2. 

Level Degree of reliability 
of with respect to the con- 

survival (%) trol list 

24.8 25 
24.4 22 
26.9 38 

TABLE 2. Endurance of the Test and Control Mice to the Effect of 
45% Loads 

1 
2 
3 

29 
26 
27 

By analyzing the data it can be seen that daily training was more effective. 
In fact, the survival rate of the second group was 53%, which is 27% greater than 
that of the control group. The differences in survival rates are considerable. 

with the first group, which was trained one day. The difference between this 
rate and that of the control group totaled 15%. 

organism to g-loading can be appreciably increased by physical training. 

stati loads were applied. The mice were dividedlinto three groups. 

- /251 

Less significant results insofar as aurvivability is concerned was obtained 

Thus, even the first series of tests demonstrated that the stability of the 

t series was carried out with 75 mice. In this series, both 



oup was trained daily on perc 

The third group served as control. 

Variation in the weight of the animals during the training period is shown in 
Table 3. 

No. of 
group ' 

1 
2 
3 

TABLE 3. Variation in Weight (in g) of Mice During the Experiment 
1 With Physical Training 

Gain in weight 
(in%) over the 

Before adaptation After adaptation 

No. of Average No. of Average original 
animals weight animals weight 

25 19.9 25 24.8 25 
25 20 24 24.4 22 
25 19.5 24 26.9 38 

Outcome 

Perished , Survived; 

No. of NO. of Survival 
rate (%) group mice 

- 1  20 8 12 -6 0 
2 22 6 16 72 

7 33 3 21 14 I 

By comparing the data given in Table 3 it can be seen that the mice of the 
test groups gained less weight than the control mice. The level of physical load- 
ing of these animals was approximately the same. 

After completing the training period, the mice was subjected to the effect of 
45-g's. The results of centrifuging are given in Table 4. 

Degree of reliability 

1.8 
2 .8  - 
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ration can be substantially enhanced by rational static as well as dynamic train- 
ing. 

It was of great interest to find possiblities for increasing the stability of 
animals to gravitational acceleration by combined application of physical train- 
ing and acclimatization to conditions of moderate hypoxia. 

For this purpose, we laid on a third series of experiments with 150 mice under 

The male mice were divided into 5 equal-weight groups: 

1) control groups (in Moscow) ; 
2) physical training (in Moscow); 
3) acclimatized group at an altitude of 2100 m (Terskol); 
4) acclimatized for 2 week2at an altitude of 2100 m and 2 weeks at an al- 

titude of 3800 m (LedovaF base); 
5) physically trained group at an altitude of 2100 m (Terskol). 

high-mountain conditions. 

The original weight of tFe mice before beginning the experiment fluctuated be- 
tween 15 and 18 g. 

Elbrus . The mice were acclimatized to high-mountain conditions in the area of Mt. 

The training of the animals took place every other day. In the first two 
weeks the weight of the load was 20g, which corresponded to approximately 100% 
of the body weight. The training period of 10 rnin in the first session was in- 
creased by 1 min in each succeeding session. 

up the load after the 10th day, the weight was decreased to log. This change in 
procedure was done simultaneously in Terskol and Moscow. Training and ac- 
climatization to high-altitude factors was completed four days before the first 
rotation on the centrifuge. 

In view of the fact that the mice located at Terskol did not succeed in holding 

Deserving of primary attention is the fact that the weight of the animals did 
not change equally. The control mice also exhibited the greatest gain in weight; 
the greatest lag in weight was found in the animals of the fifth group, which were 
subjected to loading under high-altitude conditions. 

The test of stability to gravitational acceleration was conducted on the fourth 
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The results of these experiments are presented 
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TABLE 5. Survival Rate of White Mice Subjected to 45% Loading Four 
Days After Acclimatization 

No. of group Experimental 
conditions 

Control 
,Physical training 

in Moscow 
2100 m 
2100 + 3800 m 
2100 + physical 

training 

I 

No. of mice 

28 

25 
27 
30 

29 

Survival 

11 

14 
12 
19 

20 

Survival 
rate 

39.2 -I. 9.2 

56.0 29.6 
44.4 i 9.6 
63.4 f 9.1 

69.0 f 8.6 

- 
t 

1.3 
0.37 
1.9 

2.4 

than in the control group, whereas in the fourth group it was 24.4 and in the fifth 
group 29.8% higher, 

Although in statistical processing the difference is significant only in the 
fifth group, the overall regularity of the increase in survival rate permits us to 
consider the results as evidence of the positive effect of acclimatization and phys- 
ical training. 

of the effects of physical stress and ‘hypoxia, proved to be more effective than 
passive acclimatization (exposure to high altitude). 

The mechanism of the favorable effect of physical training under normal as 
well as increased partial oxygen pressure is complex; as a matter of fact, in the 
case of overall physical, strain, the reaction takes in almost all the systems of 
the body, directing efforts to satisfy the increased-demand of the body with re- 
spect to bioenergy. This is accompanied by an increase in pulmonary ventilation, 
cardiac activity, erythrocytosis, increased myoglobin , increased glutathione 
content, higher activity of carbonic anhydrase of the blood, and by other changes 
[2, 10, 121. Physical training also promotes the development of the anaerobic 
component of energy processes in the muscles [ 41. 

deeper and more prolonged hypoxia that arises in the case of specific levels of 
physical strain as well as acceleration. 

- In our experiments on 70 white mice to determine stability to gradually in- 
creasing oxygen deficiency it was clearly established that the lifetime of the ex- 
perimenta1.animals was substantially greater than that of the control animals. 

At the same time, active acclimatization, which consisted of a combination 
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All of this activity is oriented toward overcoming by the organism of the 

The results of these experiments are given in Table 6. 

These data agree with the observations of A. F. Aleksandrov, P. I, Yegorov, 
A.N. Krestavnikov, et al. [l, lo]. 
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Test Series 

I. 

II. 

Thus, our investigations have demonstrated that under optimal programs of 
static as well as dynamic physical training the stability of test mice to the effect 
of g-loading increases appreciably. Particularly favorable is the combined ap- 
plication of physical loading and moderate levels of hypoxia. 

Experimental conditions M f m (min) t 

Control group 99 k 14.0 - 
Trained in swimming for 30 days 162 f 10.4 3.15 
Trained on perches with a 10-g 

weight 140 f 17.4 1.69 

Control group 107 -f 0.65 - 
Trained on perches in Moscow 144 f 8.2 4.5 
Acclimatization at 2100 m 114 f 3.5 1.96 
Acclimatization and training on 

perches at 2100 m 151 f 7.5 5.84 

The results of these experiments and comparison of them with clinical phy- 
siological reactions to the effect of hypoxia and weightlessness (decrease in mass 
of circulating blood, plasma loss, reduction of the number of erythrocytes, de- 
terioration in the blood supply of a number of organs and tissues, reduction of 
muscular tonus and of the overall resistance of the organism to gravitational 
loads, disruption of metabolism, etc.) permit us to suggest that the method of 
physical training under periodically created moderate hypoxia may be an effec- 
tive means for maintaining high stability in the organism of astronauts in the 
case of prolonged flights. 
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EFFECT OF A DIFFERENT RATE OF GROWTH OF ANOXIA ON THE 
VEGETATIVE FUNCTIONS AND BIOELECTRIC ACTIVITY OF THE 

BRAIN OF A DEVELOPING ORGANISM 

I. G. Dallakyan and G. M. Nikitina 

A s  yet but little study has been devoted to the significance of the rate of in- - /256 
crease of oxygen deficiency in the development of compensatory reactions and 
to survival of the organism in the case of anoxia. There are indications in the 
literature that at a slower rate of environmental atmospheric rarefaction the 
stability of the organism is higher than at a rapid rate of development of anoxia 
[ 1 1. An opposite relationship has been discovered, however, in a number of 
cases [13]. 

Investigations with human beings have revealed that at extraordinarily-low 
rates of increase of decompression (tens of hours), the "altitude ceiling" turns 
out to be lower than at high rates. 

Within the framework of clarifying the compensatory mechanisms of the 
central nervous system in the case of anoxia it is of interest to study the fea- 
tures of bioelectric response of the brain. The fundamental electrophysiological 
investigations are concerned with the effect of acute oxygen starvation in the 
case of anoxic anoxia on the EEG of a mature organism [ 9, 11, 151. 

Some data on the character of the change in electrical activity of the brain 
during various degrees of anoxia in animals and man at various age levels have 
been given in [ 3,  41. 

Ye. L. Golubeva [3,4]\describes the genesis, in the reticular formation of 
the midbrain and of the optic thalamus of rabbits, of synchronized rhythm (4 - 
7 oscillations/sec) when the Cog content in the inspired air is from l - l O % .  
This synchronized rhythm was more pronounced after the fifth or  sixth day of 
life. In the cortical regions of the brain the synchronized activity observed in 
rabbits in the first few days after birth changes to unsynchronized activity after 
the sixth to tenth days. The author arrives at the conclusion that this represents 
early maturing of the mechanisms which maintain the internal medium of the 
organism constant. 

In all the cited papers dealing with the electrical activity of the brain in the 
case of oxygen deficiency of the mature and developing organism the method of 
rapidly increasing anoxia was used. 

At the same time, a study of the characteristics of variation in the bio- 
electric activity of various brain structures during slowly increasing anoxia 
may be of considerable importance in solving the problem of the compensatory 
capabilities of the organism during prolonged space flights. 
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In solving this problem the ontogenetic aspect of the investigation should 
provide good assistance, since it is easier to clarify the fundamental mecha- 
nisms of compensatory reactions of the integral organism to anoxia during the 
formation of gradually more complex forms of reactions and of relations within 
the central nervous system. 

The aim of the present investigation is to study the dynamics of changes in 
the bioelectric activity of a number of regions of the brain and of the vegetative 
functions of a developing organism at a varying rate of increase of anoxic anoxia. 

Investigational Procedure 

The investigation was carried out in chronic experiments on 30 rabbits 
varying in age (from 4 to 90 days). The anoxia was produced in a pressure 
chamber at two rates of "~ l imb~~-2  and 15 m/sec. During the experiments we 
measured 

a) the character, sequence and depth of changes in the bioelectric activity 
of regions of the neo- and archi-pallium (the motor, optic, the anterior and 
posterior limbic regions, of the neopallium, and the hippocampus) and of a 
number of subcortical nonspecific formations of the thalamus, of the posterior 
hypothalamus, the reticular formation of the midbrain, all of which form part 
of the limbic system of the brain; 

respiration and cardiac activity. 
b) the relationship between changes in EEG and vegetative functions and 

Biopotentials were elicited by electrodes incorporated bipolarly at sym- 
metrical points of the hemispheres. 

The subcortical Hi-Cr electrodes were machined electrolytically [ 51 to a 
point diameter of 100-150 microns and were inserted by means of a stereotaxic 
Horsley-Clark instrument. The diameter of the cortical electrodes (extradural) 
was 300 microns. The coordinates of the selected points were determined by 
the stereotaxic charts of Sawyer, Everett and Green with appropriate recalcu- 
lations for the species and age of the test animals [lo].  

In order to make a control test, the brains of the animals coming from the 
experiment were fixed in a 10% solution of formaline, and then sections 120- 
150 microns\thick were cut on a freezing microtome (Figure l).' The respira- 
tion was recorded by means of a thermistor [2] , and the EKG by means of 
silver -foil electrodes. 
- After the period of adaptation of the animal to the environmental situation 

has expired (15-20 min) theinitid background of respiration, EKG and EEG is 
recorded, and then "altitudefT is reached at the given rate. The functions being 
studied are recorded at each: 1000 m of "climb" until respiration ceased or  un- 
til there is an abrupt interruption of cardiac activity. rlDescentll from the final 
altitude was at a rate of 100-150 m/sec. In part of the experiments records 
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TABLE 1. Comparative Dat 

14 15 108 13,000 
15 17 116 13,900 

10,000 ' 
10,500 

9500 
10,700 

' 12,500 ' 
12,000 ' 
11,300 
10,300 
1 0 , o o r  
10,000 
'10,000 

Average . . . . . 

23 
29 
27 
20 
10 
21 
27 
98 
21 

7 
9 
3 
4 

11 
3 

10 
21 
22 
25 
26 

109 

78 
89 
76 
83 

104 
100 

94 
85 
83 
83 
83 

30 
32 
35 
37 
41 
49 
50 
53 
85 
48 
45 

I I 

13,000 Average . . . . 

27 
31 
48 
58 
48 
60 
45 
78 
64 

12 

13 
15 
11 
12.5 
13 
12 
11.5 
11 
11 

11,000 

11,500 
13,000 
10,000 

111,800 
i 12,000 
11,000 
10,400 
10,000 
95,000 

237 



B I 
*----\. 

altitude (m) 
Mgure 2. Dynamics of Measuring the Respiration (curves) 
and Cardiac Activity (columns) in Rabbits Aged (in days) 6 (0, 
45 (IS), and 85 (EO with Increasing Anoxia to a Rarefaction 

Rate  of 2(A) and 15 m/sec (B). 

At altitudes of 4000-9000 m changes in cardiac activity appears in the 
form of a gradual decrease in heartbeat frequency (Figs. 2A and 3A). In the 
early age period the disruptions of cardiac rhythm appear earlier (4000-6000 
m), as a rule, than in later stages of development (6000-8000 m). As the de- 

ases. Chaxa 
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Figure 3. Sequence of inclusion in the hypoxic reaction of 
respiration (1) , cardiac activity (2) and bioelectric cerbral 
activity (3) in rabbits of different ages at a %limb1' rate of 

2 (A) and 15 m/sec (B). 

Changes in the cardiac activity at %limbq' rates of 2 and 15 m/sec are dif- 
ferent in character: in the first case the anoxic reaction shows up from the 
very start as  damping of the heartbeat, and in the second case the original 
Phase (up to 7000 m) 'is an increase in rate of heartbeat (Figs. 2A and B); in 
older rabbits more intense qualitative changes in EKG are  observed (atrioventri- 
cular. blockade, scintillating ,arrythmia, palpitation of the 'ventricles). 

Initial variations in EEG of the cerebral regions being studied appear in 
rabbits up to 45 days old with a "climb" rate of 2 and 15 m/sec at exactly the 
same altitudes (2000-3000 m). Changes in EEG with age at a climb rate of 
$5 m/sec begin to appear only beginning with 4000-5000 m (Figs. 3A and B). 

The dynamics of changes in EEG in young rabbits (up to 20 days) at a climb 
rate of 2 m/sec consist of 6 successive phases: I - decrease in amplitude and, 
in a number of cases, damping of the oscillation frequency; 11 - appearance of 
groups of synchronized waves of the spindle type (4-7 Hz); 111 - increasing re- 
duction in amplitude and damping of rhythm; IV - predominance of slow waves 
(2-4 Hz) of relatively low amplitude, the appearance of spikes; V - alternation 
of electric activity with periods of electric silence; VI - complete electric si- 
lence (Fig. 4). 

In older rabbits subjected to advancing anoxia at the given climb rate, the 
I stage is manifest in a rise of oscillation amplitude connected with damped 
rhythm (Fig. 5-1, a,  b); a constant synchronized rhythm of 7-8 Hz appears in 
the second stage; characteristic in the IY stage in the appearance of high-ampli- 
'tude (up to 300 microvolts) slow (0.2 - 1.5 Hz) waves; stages W, V and VI ax% 
iof short duration and follow each other rzpidly (Fig. 5, 1 c, d, e). 

In young rabbits (up to 20 days) at a %limb1t rate of 15 m/sec, in contrast 
with the corresponding group of animals at a %limb" rate of 2 m/sec, the suc- 
cessive EEG phases appear at high altitudes, except for the first phase of ini- 
tial changes. Thus, phase II of characteristic synchronized waves (sphdle- 
shaped groups) in the case of rapid development of anoxia (15 m/sec) shows up 

- /262 

239 



- -  

i 
c 

pi 

I 

4 

,240\  



in the EEG at an altitude of 8000 m; at the slow rate of rarefaction (2 m/sec), 
this phase appears already at an altitude of 6000 m (Fig. 4, cy g). The stage 
of pronounced "spikeTf waves is absent in the majority of cases. 

In rabbits of the older age group, phase changes in EEG characteristic of 
the 2 m/sec rate are reduced (at the 15 m/sec rate): the initial changes in bio- 
electric activity are manifested in a 'reduction of amplitude, increate in rhythmic 
frequency accompanied by the simultaneous appearance of a synchronized rhy- 
thm of 6-8 Hz (Fig. 5, 11, a, b); the three subsequent phases (slow waves, al- 
ternation of and suppression of electric activity) are very fast. Absolute elec- 
tr ic silence does not show up in some cases, even when respiration completely 
stops. In the last phases the qualitative changes in cardiac activity, namely, 
atrioventricular blockade, scintillating, arrhythmia, palpitation of the ventricles , 
seldom occur (Fig. 5, 11, c y  d). 

Against a background of increasing phase changes in the EEG in the case of 
slowly advancing anoxia (2 m/sec) there occur periods in which the electric ac- 
tivity returns in frequency or amplitude to the original value. Such "compen- 
sation" is unusually noted at altitudes of 4000, 7000 and 10,000 m, but more 
frequently at altitudes of 6000-7000 my which corresponds to the period in 
which the compensating capabilities of the vegetative functions show up a8 being 
more pronounced. Periods of %ompensation" of bioelectric cerebral activity 
also are found at the higher rate of "climb" (15 m/sec) at altitudes of 7000 and 
9000 m. 
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The bioelectric reaction of the brain (all the described phase changes of 
the EEG) at a "climb" rate of 2 m/sec frequently occurs in the cortex regions, 
the sensomotor region of the neocortex and the anterior limbic cortex, which is 
morphologically related to the former [ 141. With an increase in the degree of 
oxygen deficiency the changes in EEG appear in the subcortical structures, the 
reticular formation, the posterior hypothalamus, and also in the region of the 
hypocampus (archipallium) and posterior limbic subregion of the neocortex. 
Most stable to the more intense levels of anoxia are the structures of the pos- 
terior limbic cortex and of the posterior hypothalamus , where changes evolve 
in parallel. 

In contrast, at a %limb1' rate of 15 m/sec it is not possible to find out 
which structures' are most stable when the phases change rapidly in succession. 
Changes in EEG occur almost simultaneously in the cortical and subcortical 
structures. 

Restoration of the investigated vegetative and EEG indices after the action 
s f  anoxia takes place in the following order: first the cardiac activity is re- 
stored, then the respiration, and finally the bioelectric activity of the brain. 

The pattern of restoration of the bioelectric activity of the brain after the 
effect of anoxia at a rarefaction.rate of 2 and 15 m/sec has a "specularrf nature; 
the background EEG is restored through the slow and synchronized wave phases , 
which are particularly clearly pronounced in the reticular formation, the hypo- 
thalamus and the hippocampus (Figs. 6, Ib and IIa) . 

,241 



i 
' I  

i 
I 

. .  
! 

, 
i 

242 



243 



In order to restore the background electric activity in young rabbits, as 
compared with old ones, more time is required both at a %limbf' rate of 2 and 
15 m/sec; in the latter case, however, the break in time of restoration is less 
significant. 

In animals of the same age, restoration of the bioelectric activity when the 
rarefaction rate was 15 m/sec proceeded somewhat faster than when the rate of 
advance of anoxia was 2 m/sec. 

Conclusion 

These investigations show that the adaptive reaction of the organism to / 267 
_I 

anoxia from the very early stages of positive evolution is complex, consisting 
of a number of functional components. It covers both vitally important vegeta- 
tive functions, namely, respiration and cardiac activity, and bioelectric proces - 
ses  in the cerebral tissue. Variations of the vegetative indices and biopotentials 
in various cerebral structures of developing animals are characterized by phase- 

' type evolution namely, successive transition from one phase of the anoxic reac- 
tion to the next, all the way to complete disruption of the functions being studied 
when the oxygen deficiency reaches low levels. The relationship between the 
various functional indices (vegetative changes and variations of EEG) is examined 
for a mature organism [ 91. Insofar as the features of the indicated cqrrelations 
in the light of age are concerned, papers are  available from Czech authors (Ilec, 
Maurec, Fischer, and Krulik) in which the emphasis is on the study of the bio- 
chemical structural and functional changes. 

Both the age characteristics of evolution and the factor of rate of increase 
of anoxia have on effect on phase changes of the functions we studied. 

The singular nature of the original phase of variations in EEG during the 
early days of growth is manifest not in the activation of high-frequency oscil- 
lations, as in the case of a mature organism [ 9 3 ,  but in the attenuation of the 
rhythm. In older animals, as compared with younger ones , the final phases of 
suppression of bioelectric activity and the accompanying serious disruption of 
the vegetative functions are seen to be of lesser duration. Better differences 
in EEG, namely, reactions to anoxia in the cortical and subcortical structures, 
are observed with age. All this is governed by the degree of maturity of the 
nervous regulatory mechanisms in this or that stage of autogenesis. 

The rarefaction-rate factor makes a considerable contribution to the de- 
velopment of compensatory reactions oi the growing organism: the faster the 
rarefaction, the later (at higher altitudes) intense changes in the bioelectric 
activity of the braid and in vegetative functions appear. This is especially true 
of older animals, which have a sufficiently mature central nervous system and 
more perfect compensatpry mechanisms. Therekre they have almost no dif- 
ference in magnitude of the altitude ceiling at the two given rarefaction rates 
(2 and 15 m/sec). In contrast, young animals have a considerably lower alti- 
tude ceiling at the faster rate of increase of anoxia because their adaptive mech- 
anisms are  incomplete. 
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At the rarefaction rate of 15 m/sec the compensatory reaction, estimated 
on the basis of EEG, usually involves a large number of cerebral structures 
simultaneously. Jn contrast, at the slower rate of increase in anoxia (2 m/sec) 
the time sequence of onset of changes in the cortical and subcortical structures 
is more clearly pronounced. The above-mentioned fact of synchronization of 
changes in the bioelectric activity of the hypothalamus , hippocampus , and pos - 
terior region of the limbic cortex indicate that structures of the limbic system 
of the brain participate in the defense reaction of the organism as a unified func- 
tional system. The unified participation of the nervous mechanisms of this sys- 
tem in maintaining functions important for the vital activity of the organism at a 
specific level in the case of oxygen deficiency is ensured by the existence of 
morphological and functional links between the indicated cerebral structures 
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THE INFLUENCE ON MAN OF A LONG STAY UNDER CONDITIONS OF 
REDUCED BAROMETRIC PRESSURE AND RELATIVE ISOLATION 

D. I. Ivanov, V. B. Malkin, I. N. Chernyakav, V. L. Popkm, Ye. 0, Popova, 
A. B. Flekkel', G.A. Arutyunav, V. G. Terent'yev, P.V. Buyanov, 

N. A. Varob'yev, and G. G. Sturua 

Assuring the vital activity and capacity for work of man on long flights in 
present and future flight apparatus is one of the central problems of aviation and 
space flight. This problem involves a complex set of questions, among which the 
following are  important: selection of the best ppessure regime within the space 
ship, establishment of the proper daily rhythm of work and rest for the astronaut, 
prolonged isolation, etc. 

At the time the present study was undertaken (1958) there were only scattered 
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references in the literature to certain works which discuss the possibility of man 
remaining for a long time (up to four days) in an environment with a modified gas 
composition and reduced barometric pressure (A. P. Apollonov, D.I. Ivanov, M. 
Ye. Marshak, and V.A. Spasskiy,). 

In addition to this we were also acquainted with the work of A.M. Genin, 
0. G. Gazenko, A. D. Seryapin, N. N. Gurovskiy, and others, which showed that 
man could remain for 10-15 days in relatively small chambers at reduced baro- 
metric pressure (elevation 5000 m). There was also information concerning an 
experiment carried out by the American flyer Farell, who remained €or 7 days 
in a barochamber of small size (2.5 d ) at a height of 5500 mm. This experi- 
ment studied, in addition to the effects of rarefaction, the influence of specially 
developed "daily" cycle (14.5 hr). 

The work described above should be considered as a first attempt to solve 
experimentally the question of choosing proper pressure conditions withjn the 
cabin of a space ship and the scientific establishment of a regime of sleep and 
wakefulness for the astronaut. 

Selection of the proper pressure conditions in the cabin of a spaceship re- 
quires that one take into account both the engineering and the medical aspects. 
The first aspect involves the weight and strength of the cabin. The second con- 
cerns the conditions of human life. Available data in the field of aviation physiol- 
ogy have provided a basis for assuming that one of the appropriate pressure re- 
gimes in the cabin may be a pressure of 380 mm Hg (a height of 7000 m). But 
the question of a prolonged stay under these conditions has remained open and 
has been in need of experimental solution. The permissibility of a very thin 
atmosphere for these purposes is related to the hazard of the development of 
decompression disturbances. 
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The studies undertaken by us had two goals: 
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disturbances of the normal daily regime. 

9.00 
9.10-9.50 

Method of Investigation 

The studies were carried out in a specially outfitted pressure chamber with 
a net volume of 5 n? . The gas composition of the atmosphere, the temperature 
regime, and the humidity were maintained within given limits with the use of re- 
generation apparatus. Two persons participated in the experiment simultaneously. 
An individual daily regime was worked out for each of them, and each alternated 
in repeated experiments. The duration of the experiment ranged from 10 to 30 
days. The general pattern of the experiment and the daily regime are  shown in 
the following schedule. 

Goes of duty I Enters on duty 
Physiological and hygiene studies 

Timeofday I RegimeNo. 1 I Regime,No. 2 

9.50-10.30 
10.30-11.50 
12.00-14.00 
13.30-14.00 

15.00-17.00 
17.00-19.00 

19.30 
20.00-20.30 

20.30 
1.00-2.50 

3.00 
5.00-7.00 

14.30 

Breakfast 
Clinical studies 

Physiological and hygiene studies 

Clinical and hygiene studies 
Supper 

Physiological and hygiene studies 

Clinical and hygiene studies 
4 

Physiological and hygiene studies 

Duty 1 Daytime sleep 

. Dinner 
Daytime sleep I DUtY 

Duty I Night time sleep until 2:30 AM 

Night sleep until 9 o'clock On duty until 9 o'clock 

were fed with prese and concentrated food 
prpoducts with a vitamin complex added. 

on 
new tY flicker 
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the total EMF, the EEG, and the EMF of 
rhythms. 

Results of the Investigation 

general description of the experimental conditions, the length of the experiment, 
and the results. 

Seven persons took part in the study. Table 2 and Figs. 1 and 2 give a 

It is apparent from the data given that p02 in the expired air ranged from 
150 to 200 mm Hg; the pco2, from 2 to 14 mm Hg; the air temperature in the 
pressure chamber, from 1 8  to 27 C; and the relative humidity, from 30 to 75%. 
In particular cases the relative humidity dropped to 10-30%. 

Figure 3 gives comparative data on changes in pulse frequency, breathing, 
and the arterial pressure in experiments at heights of 3000, 5000, and 7000 m, 
lasting 10 days. 

The changes observed under these conditions did not exceed physiologically 
permissible limits. Analysis of the EKG's showed that under the conditions of 
the experiment changes were observed in the position of the electrical axis of 
the heart. 

Maximum deviation of the cardiac axis to the left (from 13 to 30") was ob- 
served at a height of 7000 m, a phenomenon associated with the higher position 
of the diaphragm (height meteorism). Sometimes the position changes of the 
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Figure 1. Changes in the Microclimatic Indexes in the 
Pressure Chamber on the First, Fifth, and Tenth Days of 

the Experiment 

2000 



20 
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f6 
f4 

70 
60 

'' f 2 3 ' 4 5  6 7 8  O f 0  
f )  Day of ex- 

periment 
Figure 3 .  Change in Arterial Pressure (A 
P), Frequency of Cardjac Contractions and 
Motor Movements in Subjects P-n and Pod- 
v During Prolonged Stay at Heights of 3000 

(I), 5000 (2), and 7000 m (3). 

1 

re 4. Critical Frequency o er Fusion (1) and Time 
Differential Thresholds (2) in Subject P-n During Prolonged 

er at a Height of 3000 rn. 
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This fact indicates, probably, a progressive reduction of function. The first sub- 
ject followed daily regime no. 1, and t 

ration in the general conditions of the 
subject, so thatitwasnecessaryto 
conclude the experiment on the fifth 
day. A similar picturewas also ob- 
served in the case of subject D-v, who 
was also following regime No. 2 and 
who terminated the experiment on the 
10th day. The informationwithin the 
range studied (3000-7000 m) does not 
have a clearly defined influence on 
man, The functional changes in the 
organism depended considerably 
on the length of stay at the height. 
Thus, in experiments involving a 

Initial d n  d n  ‘.dn d n  d n  
ccmditims { 2 . 3 4 5 

Day and time of day 
Figure 5 .  Critical Frequency of Flicker 
Fusion (1) and Time Differential Thresh- 
olds (2) in Subject P-v During Pro- 
longedstay in the Pressure Chamber a% 

at a Height m. 

30-day stay, a moderately pronounced but regularly increase .in the pulse rate 
amountingto 10-15 beats per minute was observed beginning on the 14thor 15th day. 
This pulse rate either was maintained until the end of the experiment or continued 
to increase. 

Data obtained from an orthostatic test also indicates increased excitability 
of the cardiovascular system in subjects during prolonged experiments. Thus, 
in the first 10-15 days of the stay in the pressure chamber the pulse rate for a 
given test increased by 10-35%, and during subsequent days, by 50%. At  the 
same time there was a more pronounced increase in the arterial pressure as 
well. The changes noted were more pronounced in persons during wakefulness 
at night (regime No. 2). According td literature data, this kind of reaction in- 
dicates the onset of fatigue resulting fr6m disiarbances of the daily rhythm 
[3,5,6,81 

/275 

Disturbance of the relationship of stimulation and inhibition processes is 
also indicated by the data given earlier concerning certain visual functions and 
the variability of the delayed time reflex. The general direction of these 
changes tends toward a certain relative predominance of the stimulation process 
(increase in pulse rate and arterial pressure, increase pulse excitability in 
orthostaiic tests, increa$ed critical frequency of flicker fusion, etc. ). 

This trend 02 ch&nge is aleo iadicated by a certain increase in the conteB5 
of 17-oxycorticosteroids in the daytime urine and an increase in the albumina 
of the blood plasma (12%)). The globdins, except for the a-globulins, usually 
decrease 

The changes mentioned above can be considered as possible indications of 
developing fatigue, resulting from incomplete functional restoration during the 
time devoted to rest through the day. 
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Time of day, hr 

Figure 6 .  Daily Variations of Certain 
Physiological Indexes in Subject Pod-v on 
the Second, Fifth, and Tenth Days of the 
Experiment. Height 7000 rn, Regime No. 1. 

In the case of the other less favorable regime (No, 2) the daily periodicity of the 



Time of day, hr 

Figure 7. Daily Variations of Certain Physio- 
logical Indexes in Subject P-v. Height 5000 

Regime No. 2. 

The studie8 baPPi&d out show that a change in the ordinary daily regime 
involves a disturbance of the normal daily periodicity of physiological processes. 
The practical significance of this fact, %vhteh was also noted previously under 
other experimental conditions [I, 2, 71 means that special studies must be 

spaceships. In this regard it should be emphasized that more than just the 
length of time devoted to sleep must be taken into account for proper choice of 
the best regime. Experimental information available thus far indicate that 
wakefulness during the night (from 3 to 6 hr) , i. e. , during the usual daily period 
of deepest sleep, has a deleterious effect on capacity for work. 

/277 carried out to find appropriate regimes of sleep and wakefulness for crews of - 
1 

r of changes in t 
periods of sleep 

fulness. 
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A 

30 c 

B 

C 

D 
30 t 

Frequency of waves, Hz 

Figure 8. EEG Spectrogram of Subject 
F-k (Regime No. 2) as  Recorded at 10 
AM (A), 2 PM (B), 1 AM During Sleep 
(0, and 5 AM During the Time of Noc- 

turnal Wakefulness (D) . 

ment-the degree of rarefaction 
and the length of stay. Studies 
conducted in this regard have 
shown that prolonged stay in a 
pressure chamber is accompanied 
by a decrease of 20% or more in 
the gas exchange of the subjects as 
compared wi$h the initial value. 
The reduction in gas exchange was 
more pronounced in persons follow- 
ing regime'No. 1, and it did not de- 
pend on the degree of rarefaction in 
the pressure chamber. The signif- 
icant reduction in the total activity 
of the subjects can be considered as 
the very probable cause of the re- 
duction in gas exchange. 

Protein, fat, and carbohy- 
drate metabolism studied during 
the experiment did not vary ap- 
preciably. Somewhat different 
data were obtained on the choles- 
terol metabolism. In the experi- 
ment carried out at heights of 
5000-7000 m, the cholesterol con- 
tent of the blood increased 100-150 
mg '% on the eighth day of the stay 
in the pressure chamber. More 
detailed data concerning changes 
in metabolic processes will be 
given in special communications. 

/278 - 

Several changes worthy of at- 
tention were observed as a result 
of clinical examination of persons 
participating in the experiment. 
Even during the sojourn in the pres- 

sure chamber a slight increase was observed in the latent period (4-20 sigmas) 
zind amplitude of the patellar reflex. The magnitude of the static reflexes 
(cephalogram) increased (from 3 to 8 mm) . Unconditioned vascular reflexes 
during the after effect period increased in some cases, decreased in other 
cases, and somtimes were reversed. These variations were not found to de- 
pend on the degree of rarefaction and the length of stay in the pressure chamber. 
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Phenomena of hypertonia 
ing the aftereffect period: m 
and minimum to 35-40 mm Hg. 

often observed in the persons examined dur- 
m arterial pressure dropped to 90 mm Hg, 

Study of arterial pressure, systolic and cardiac output, and the rate of 
propagation of the pulse under conditions of rest and exertion indicate some 
loss of conditioning of the cardiovascular system which was more clearly evi- 
dent after the 30-day experiment. 

This probably also is to be explained by the prolonged limitation of move- 
ment of the subject. Hence we are faced with the need for developing a special 
set of physical exercises to maintain overall functional tone of the organism at 
sufficiently high level during the time a man remains under conditions which 
restrict his overall activity and movement [4]. 

Phenomena related to loss of functional tone were less pronounced in per- 
sons who participated repeatedly in prolonged experiment. This gives us rea- 
son to suppose that special training is desirable for situations of this sort. 

/280 - 
Our studies also showed that the personality characteristics of the subjects 

are  not the least important factor to be considered in setting up experiments 
involving prolonged stay of several subjects in a small chamber. 
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EFFECT OF ADAPTATION TO HIGH MOUNTAIN CONDITIONS ON 
HUMAN RESISTANCE TO ACUTE HYPOXIA 

AND IIIGIf TEMPERATURE 

V. 13. Malkin and G. D. Yukhnovskiy 

Accliinatization to high mountain conditions, an essential element of which 
is adxptation to existsnce under conditions of a lowered partial pressure of oxy- 
gen in the inspired air, is regarded by many investirators as an effective meth- 
od of increasing the adaptation reserves of the body t 1, 3, 4, 6). 

Invcstigations on 'animals have shown that after a long stay at a lowcrcd 
barometric pressure animals are more resistant to any action of 'many 'unfavor- 
able external environmcnlal factors: an acute deficicncy of oxygen in the in- 
spired air, a high temperature, increased gravitational force, ioniziag radia- 
tion, etc. 

Most clinically healthy persons, after a relatively long stay in the mountains 
/281 at an altitude of the order of 2000-7000 m, are  more resistant for a certain 

length of time to the action of acute hypoxia than healthy persons who are not 
altitude trained [2, 3, 51. 

- 

It has also been found that daily training for 1 month in a yressurc chzrnbcr 
at an Ifaltitudeft of 6000 m not only increases the altitude resistance of clinically 
healthy persons, but also increases their resistance to the action of high and low 
temperature [: 6 3. 

The object of this investigation was to study the effect of adaptation to high 
mountain conditions on the resistance of healthy persons to the action of acute 
hypoxic hypoxia and to the action of a high external environmental temperature. 

We were interested in whether it is possible and desirable to use adaptation 
to high mountain conditions as a method of increasing man's resistance to various 
experimental factors of flight. 

METHOD 

The investigation was carried out with different groups of clinically healthy 
persons: 11 highly skilled athletes, 10 physically well-developed young men not 
previously living in the mountaina, and the 5 research workers taking part in 
the present investigation. 

12  days at an altitude of 2000 m (Terslrol); 12 days at 3800 and 4200 m ("Ledo- 
vaya Baza" and "Refuge 11") and 5 days at an altitude of: 2000 m again. In 1965 
the length of stay at an altitude of 3800-4200 m.of the same group of subjects 
was lengthened to 20 days. 

In 1964, five healthy men were adapted to high mountain conditions in stages: 
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The mountaineers stayed for 6 days at an altitude of 2000 m (Tereskol), 

The research worker group spent most of their time for 25-28 days at an 

and then completed their ascent, 

altitude of 2000 m (Terskol), but periodically in connection with their work they 
climbed to "Ledovaya Baza" and for a short time to "Refuge 11. I t  Including 
overnight stays , each worker spent from 4 to 6 days at "Ledovaya Baza. If 

High-altitude experiments. Before and after their stay in the mountains the 
members of the expedition had their resistance to high altitudes determined. 
Under pressure chamber conditions, the subjects were raised in stages, without 
oxygen, to a high altitude until they began to show clear signs of profound hy- 
poxia, such as gross disturbances of writing, inability to solve elementary 
arithmetical problems, clonic spasms of the writing hand (writer's cramp), and 
disturbances of consciousness of different degrees. 

In the first experiments with five subjects the altitude up to which the pres- 
sure chamber was "raised" before and after their stay in the mountains did not 
exceed 7000 my and only the length of their stay at this altitude was considered. 
In all the other experiments the pattern of the ascent was as  follows. Up to an 
altitude of 5000 m at a speed of 25 m/sec, with a pause of 15-20 sec or there- 
abouts every kilometer, starting from an altitude of 5000 m a pause of 5 min at 
each successive altitude. 

/282 

Before, during and after completion of the ascent recordings were made of 
the following in all subjects: the electroencephalogram (EEG) in the fronto- 
occipital lead, the electrocardiogram (ECG) in three standard leads, the respira- 
tory movements of the chest wall, and (periodically) the arterial pressure and 
the oxygen saturation a€ the arterial blood, Throughout the experiment continuous 
observations were kept on the subject's behavior and general condition. 

To assess his working capacity and intellectual activity, during his stay at a 
high altitude the subject was given arithmetical problems to solve (multiplication 
of double-figure numbers). 

HEAT EXPERIMENTS 

Altogether 24 high-temperature experiments were carried out in a combined 
heat- and pressure-chamber at normal barometric pressure and at an environ- 
mental temperature of +70° (temperature of chamber walls between +90 and 4-92"), 
the relative humidity being 40%. 

The subjects wore shorts and sat in the armchair provided in the chamber. 
No ventilation was present in the chamber. 

In the course of the experiments the subjects were kept under continuous 
medical observation and two-way radio communication was maintained. Every 
10 min recordings were made of the EGG in lead 11, the respiratory movements 
of the chest wall, and the body temperature by means of an alcohol thermometer 
under the tongue. By weighing the subjects on medical scales before and at the 
end of the experiment the loss of moisture could be determined. 
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The subject's general condition was assessed from how they felt subjectively 
and from their temperature sensation. 

RESULTS 

A distinct increase in resistance to high altitudes was found in 5 subjects 

Fohr subjects spent a period of 20-30 min without oxygen at an "altitude" of 
7000 m after their return from the mountains, and during this time their general 
condition remained perfectly satisfactory and their ability to work continued at a 
high level. 

Interesting results were obtained by investigation of subject P-is , whose ECG 
taken before his trip to the mountains, after physical exertion (20 knee-bendings 
in 40 sec), during rotation on a centrifuge, and also during ascent in the pressure 
chamber revealed ventricular extrasystoles, increasing in intensity with an in- 
crease in load. Their appearance made it necessary to terminate the investiga- 
tion at an altitude of 5000 m after only 3 min to keep the subject's general condi- 
tion satisfactory. After a stay in the mountains, including ascent of the eastern 
summit of El'brus, no cardiac arrhythmias were found in the examination of this 
subject in the pressure chamber in the course of a 30-minute stay at 3000 m, and 
he tolerated the high-altitude experiment well. The remaining subjects remained 
in the pressure chamber for between 1 and 9 min only, when taken to an altitude 
of 7000 m before their trip to the mountains. 

taking part in the first expedition after their stay in the mountains. 

In subsequent experiments we made a few modifications to the technique of 
determining resistance to high altitudes so that the results of experiments with 
different groups of subjects could be compared. 

As our earlier investigation (V. B. Malkin, N. M. Asyamolava ,and A. K. 
Kochetov) showed, mountaineers possess high resistance to altitude and, as  a 
rule, they feel well at an altitude of 7000 m for a long time; for that reason, 
when investigating this group of subjects, it was essential to take them up to 
higher altitudes in order to determine their altitude resistance. 

\ Data for the altitudejresistance of the three different groups of subjectsbefore 

In the case of young men going to the mountains for the first time, feeling f i t  

and after a stay in the high mountains are given in the table. 

while they were there, and successfully climbing to the eastern summit of El'brus, 
-their stay in the mountains led to an appreciable (in 3 of 5) increase in altitude re- 
sistance. The resistance of one subject, who suffered from mountain sickness, 
fell slightly and that of another, whose initial background resistance was high, in- 
creased relatively slightly. 

itude resistance of the were slight: in 4 the 
30 sec), in one it fell 

and in 6 it increased. However, in 2 of these 6 subjects the increase was due to 
the fact that their background resistance was lower than in the previous experi- 
ments with the same subjects. 

cally unchanged (a c 
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We attempted to find a relationship between th 
mountains and the altitude resistance of the mount 
titude resistance was found in two mountai 
greatest load and stayed at altitudes of the 
the others: in one it fell and in the other it 
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the mountaineers, including 
Wanl-Shan' (Khantengri district), 
staying for a relatively long time 

Three of the 5 research workers showed a distinct increase in altitude re- 
sistance after-a stay in the mountains, one showed a very slight increase, and the 
remaining one, with low resistmce, showed no change. This last case (M-is) 
merits special attention, because when this subject wa8 taken up in the pressure 
chamber to an altitude of 5000 m before making his trip to the mountains, he un- 
expectedly developed bradycardia, lost consciousness, and had a fit. While in 
the mountains, M-is worked at altitudes of 3800-4200 m and felt perfectly fit,  
although after staying 5 min at an altitude of 5000 m he again developed severe 
bradycardia and a state of precollapse. 

in altitude resistance arising in some cases after adaptation in the mountains, 

- /285 

We were concerned above all to discover the causes of the marked increase 

Analysis of the results of recording the physiological parameters showed 
that the respiration of these subjects was intensified to the greatest degree at a 
high altitude, as a result of which the oxygen saturation of their arterial blood 
was considerably higher during elevation to a high altitude in the pressure cham- 
ber after a stay in the mountains than during the control elevation (Fig. 1). 

This factor also probably determined the changes in higher nervous activity 
of the subjects and in the bioelectrical activity of their brain. After returning 
from the mountains they were able to remain capable of working, with a relatively 
unchanged EEG, for longer then before their stay in the mountains. 

Very strikingly, the oxygen saturation of the arterial blood of the subjects 
showing an increase in altitude resistance either was the same as in the control 
investigation at the moment of completion of the altitude test or, in a few cases, 
it was actually a little higher. These findings demonstrate that a stay in the 
mountains (adaptation to chronic hypoxia) does not enable the body to maintain a 
sufficiently high level of ability to work under the conditions of a reduced oxygen 
supply, but is accompanied by a more efficient and more precisely adjusted ac- 
tivity of its functional systems responsible for the transport of oxygen to tissue 
structures most sensitive to hypoxia. 

The fact that different groups of subjects showed different changes in altitude 
resistance is probably connected to some extent also with differences in the course 
of the acclimatization pr itself, clearest evidence of which is provided by the 
decrease in altitude resi of subject A-ev, who suffered from mountain sick- 
ness, and also by the results of the hematologic tests (I.A. Ro 
tests performed on the group of young men visiting the mounta 
showed a definite increase in hemoglobin concentration and erythrocyte count, 
corresponding to the altitude to which they climbed; the same response, but less 
marked, was also found among the research workers, whereas among the moun- 
taineers it was hardly noticeable. 
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Figure 2. Length of Stay in Hot Chamber at a Tem- 
perature of +7O, Together With Change in Weight, Body' 
Temperature and Pulse Rate  Before (a) and After  (b) a 
Stay in the Mountains (Mean Data for 11 Persons). 

A fact of definite practical interest is that the increase in altitude resistance, 
like the resistance to the action of radial acceleration, persists for a month or 
even longer after high-mountain adaptation. 

We had considered that a stay in the mountains would lead to an increase in the 
subjects' resistance to a high temperature. Moreover, in experiments performed 
jointly with F. V. Babchinskiy on animals, a significant increase in the s u e v a l  
rats of mice adapted in the mountains was observed at a temperature of +60 . 

The results of our high-temperature experiments were somewhat unexpected, /287 

The results given in Fig. 2 show that the resistance of most of the subjects 
to a high temperature 10-14 days after their return from the mountains showed a 
slight decrease. It is important to note that the rise of body temperature, the 
main criterion of the reaction of the body to overheating, took place appreciably 
faster in nearly all the subjects after their stay in the mountains than in the con- 
trol experiments. 

were in a stat opped, whereas all the 
, because they had 

s the subjects were able 
esistance was neverthe- 
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ADAPTATION TO HYPOXIA AS A MEANS OF INCREASING HUMAN 
RESISTANCE TO RADIAL ACCELERATION 

A. R. Kotovskaya, P. V. Vasil'yev, R. A. Vartbaronov, and S. F. Simpura 

Among the measures increasing human resistance to overloads an impor- 
tant place is held by physiological methods increasing the reserve powers of the 
body. These include preliminary physical training, training on a centrifuge, 
administration of drugs, etc. The specific method of increasing resistance 
(training on a centrifuge) should probably be used with care, because observa- 
tions have been reported indicating the development of prolonged functional dis - 
turbances and morphological changes under the influence of radial accelera- 
tions [ 3 ,  6-9, 13). 

At the present time researchers are showing great interest in methods of 
physical training and adaptation to hypoxia as a means of increasing bodily 
resistance to the action of various injurious external environmental factors 
c1, 5, 11, 12, 16, 17). 

Assuming that hypoxia plays a leading role in the pathogenesis of the dis- 
turbances developing during the action of overloading, in conjunction with V. P. 
Dudarev [4] we carried out experiments on animals to study the effect of adap- 
tation to a lowered partial pressure of oxygen and of muscle training on their 
resistance to overloads. These experiments showed that adapted albino mice 
and rats and guinea pigs have much greater resistance than control animals. 
The results of these experiments justified moving on to investigations on man. 

The object of the present investigation was to study the effect of repeated 
and primary acclimatization in the mountains on the level of tolerance to radial 
acceleration and also to examine the features distinguishing nonspecific adapta- 
tion processes. 

Investigations were conducted on 15 subjects, 7 of whom were mountaineers 
with more than 10 years of experience of the sport. All subjects lived in high 
mountain conditions at altitudes of between 2-3 and 4-7 km in succession in the 
region of Mt. El'brus, and two mountaineers lived,in the Tyan' Shan? mountains. 

The length of stay in the mountains varied from 35 to 41 days for the moun- 
taineers and from 33 to 35 days for the persons adapted for the first time. 

The limit of tolerance to radial acceleration was determined by rotation on 
a centrifuge with an arm radius 7.5 m. The gradient of increase of accelera- 
tion was 0 1 g/sec up to 4 g , and 0.2 g/sec thereafter; the angle of inclination 
of the back of the armchair was 6$ to the acceleration vector. 

I 
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The criterion of limit of tolerance which was most frequently used was the 
appearance of visual disturbances in the form of a %la r "gray veil, and 
less commonly, of disturbances of the circulatory or respiratory indices. Each 
subject's resistance to acceleration was measured not less than 1-2 weeks be- 
fore acclimatization and 10-15 days and l. 5-3 months after a stay in the moun- 
tains. 

The following tests were used to assess the physiological responses to ac- 
celeration: the ECG was recorded in three leads by Nebb's method, the arterial 
pressure measured in the vessels of the arm and ear, and the respiration rate 
and volume recorded [l5]; the time of the motor response to a photic stimulus 
was determined; the visual acuity was measured. 

Two-way radio communication was maintained during the experiments and 
continuous visual observation of the subject was undertaken by television 
The results of the investigations showed that the maximal acceleration tolerated 
by unadapted persons in the control tests was 0.8 g less than that tolerated by 
the mountaineers. 

After a stay of 33-40 days under high mountain conditions both the mountain- 
eers and the unadapted persons showed a significant increase in resistance to 
acceleration (Table). Tolerance was increased in all the mountaineers without 
exception, on the average by 1.7 units (within a range of 0.6 to 2.8 units). 

The changes in resistance of the subjects adapted for the first time to ac- /290 
celeration showed greater individual scatter. 

TABLE. Mean Values of Maximal Tolerated Accelerations 
Before and After Acclimatization in the Mountains 

Mean values of maximal tole- 

9 

Mountaineers 
Subjects adapted 
for the first.time a 

6 
- - .. 

Sampling Mean for Subjects Adapted for the First Time and Showin 
an -Increase in Resistance to Accelerations. 

The increase in resistance to acceleration after adaptation under high 
mountain conditions is also confirmed by changes in some physiological indices 
especially those characterizing visual function. The threshold of the "gray 
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veil" was raised by 1.9 LO. 7 g in the mountain and by 2.6f0.8 g in the un- 
acclimatized subjects after a stay in the m , Only in two cases was the 
threshold of appearance of visual disturbances slightly lowered after acclimati- 
zation (Fig. 1). In addition, after adaptation to hypoxia, in 10  of 14 cases a 
higher visual acuity was found than in control subjects exposed to accelerations 
of identical magnitude. 

Nonspecific adaptation processes can be assessed by analyzing changes in 
certain physiological responses to acceleration before and after adaptation to 
hypoxia. The mean pulse rate during control rotation at radial accelerations of 
8 p: was 132 +14 beats/min for the mountaineers and 118i14 beats/min for sub- 

I I I I I  
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jegts adaptei for the first time. 
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Figure 1. Change in Level of Tolerance 
and in Severity of Visual Disturbances 
in (I) Mountaineers and (II) Persons a- 
dapted for the First Time After a Stay 
in the High Mountains. 1) Black Veil, 

2) Gray Veil, 3) Extrasystoles. 

After acclimatization in the moun- 
tains in most cases a more marked 
tachycardia was observed at accelera- 
tions of the same magnitude. The 
difference in pulse rate for all subjects 
averaged +12&12 beats/min (P < 0.05). 
In four cases, however, opposite re- 
lationships were observed: the in- 
crease in pulse rate was less after 
acclimatization, 

Comparison of the indices of ex- 
ternal respiration corresponding to 
identical magnitudes of acceleration 
showed that the respiration rate re- 
mained at about the same level during 
acceleration of the centrifuge after 
the subjects had returned from their 
stay in the mountains as in the control 
test. The mean difference in the res- 
piration rate was 1-2 cycles (within the 
range of -4 and +8 cycles/min). The 
changes in pulmonary ventilation and 

gas exchange were typical in character of exposure tothe action oi radial accel- 
eration. After mountain acclimatization, the pulmonary ventilation in most 
cases ,' and the oxygen consumption in every case, were at a higher level during 
acceleration of the centrifuge than in the control tests. 

- In the braking period and immediately after stopping the centrifuge signs 
of stimulation of respiration were observed, as a result of the oxygen deficit 
arising during exposure to acceleration. After adaptation to hypoxia, the sever- 
ity of these changes varied from one individual to another. Despite the consid- 
erable magnitude iof the overloading reached'during braking, in half of the cases 
the oxygen consumption was practically indistinguishable from the background 
level or was actually slightly below it. In most cases the oxygen debt was 
smaller after adaptation than after the background test. Even in cases when no 
increase in tolerance to overloading took place (2 subjects), the oxygen con- 
sumption and oxygen debt during braking and after stopping the centrifuge were 
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lower than in.the first test, demonstrating an increase in the body's reserve 
powers after adaptation in hypoxia. The respiratory quotient remained higher 
after adaptation in the mountains than in the control rotations (Fig. 2). The 
simultaneous increase in the oxygen consumption and respiratory quotient could 
evidently be attributed to the increased powers of the body to maintain oxygen 
utilization at a higher level. 

course of + I , ,  1 

After 
Accelerations 

Figure 2. Changes in Pulmonary Ven- 
tilation (l), Oxygen Consumption (2) 
and Respiratory Quotient (3) in the 
Mountaineer S-t During Exposure to 
Ahcelerations before (a) and After (b) 
a Stay in the High Mountains. Total 

Duration of Spinning 510 sec. 

It may be concluded from the re- 
sults described above that a short 
stay under high mountain conditions 
is &I effective and reliable method of 

increasing human resistance to accelerations. By comparing certain physiological 
responses preliminary views can be expressed on the possible mechanisms of 
this adaptation. The strengthening of activity of the cardiovascular and respira- 
tory systems and the response to overloading should probably be regarded as an /292 
adaptive response of the human body connected with increased utilization of oxy- 
gen in the tissues. On the other hand, another possible cause cannot be ignored: 
an increase in the resistance to the blood flow because of a possible increase in 
the viscosity of the blood dter a stay under hypoxic conditions. We made no 
direct measurements of the blood viscosity of our subjects. However, cases of 
an increase in the blood viwosity of animals in the course of acclimatization to 
high altitudes have been described in the literature [14]. 

The results thus demonstrate the need for a further study of the mechanisms 
of nonspecific adaptation as applied to the problem of human resistance to  the 
action of overloads, 
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CONTINUATION OF INVESTIGATIONS OF CHANGES IN OSMOTIC 
RESISTANCE OF ERYTHROCYTES DURING ACCLIMATIZATION 

TO HIGH MOUNTAIN CONDITIONS 

Z , I. Barbashova 

In an expedition undertaken in 1964 we found that phasic changes take place 
in the osmotic resistance of the erythrocytes (ORE) in the blood of man and ani- 
mals. We were particularly interested in the fact that the increase in ORE ob- 
served in the first days after returning from the mountains to sea level correlated 
with an increased resistance of human subjects and animals to acute hypoxia in a 
pressure chamber and to spinning. Since the number of human subjects investi- 
gated was too small (5 persons), it was necessary to obtain more precise data 
by means of a second expedition, during which attempts could be made to dis- 
cover the mechanisms of the changes in resistance of the erythrocytes. 

The investigation described below was also conducted on human subjects, 
under the same conditions of acclimatization to mountain conditions as in the 
1964 expedition, Altogether 26 persons were investigated: 5 men undergoing ac- 
climatization in the mountains for the first time (Group 1; ages 20-24 years), 
11 first-class mountaineers, with the rank of Master of Sport (Group 2, ages 
32-40 years), and 10 young athletes (Group 3, ages 16-17 years). The acclima- 
tization carried out with all the persons of these three groups was active, i. e. , 
it entained considerable physical exertion and climbs to various altitudes. How- 
ever, the common program for the different groups was identical only for the 
first 7-10 days (when they rested at an altitude of 2000 m). After the rest, the 
mountaineers made climbs which were not particularly high (not above 4500 m) 
but were of the greatest difficulty. For resting, they came down to an altitude 
of about 2000 m. The subjects of Group 1 made trips to increasing altitudes: 
they climbed to "Refuge Eleven" (4200 m), to "Pastukhov Refuge" (4500 m) and, 
finally, to the summit of Mt. El'brus (5635 m). For resting they descended to 
"Ledovaya Baza" (Ice Base), at 3800 m. The group of young athletes (6 youths 
and 4 girls) stayed all the time at Terskol (2000 m), but carried out intensive 
althletic training with periodic short climbs to  altitudes not exceeding 3800 m. 

- /294 

As a rule the ORE was determined on the same day as blood was taken for 
total blood count, which was carried out by N. V. Roshchina, Ye. B. Gippenreyter 
and myself. Blood was taken from the finger and diluted to a certain degree in 
tubes with NaCl solutions of decreasing concentration. The degree of hemolysis 
was estimated colorimetrically and expressed as a percentage relative to the 
sample in which the erythrocytes were hemolyzed completely. Most subjects 
were tested 6 times: in Moscow before setting off for the mountains (initial data 
at sea level), on the 1st and 2nd days after arrival at Terskol (2000 m), 9-10 
and 19-20 days later, at the end of the stay just before departure (28-30 days 
later) , and 5-6 days after coming down from the mountains, i. e. , in the first 
days of life at sea level in Moscow. 
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0.60 
0.56 
0.52 
0.48 

for 50% he- 
moly s I s 

0.60 
0,56 
0.52 
0.48 

for 50% he- 
molysp 

460 
0.56 
0,52 
0.48 

for 50% he- 
molysp 

(5)* 
9 .Of434 

27.8f5.36 
53.6k7.43 
79.2f3.18 

0.528&0.01O 

(5) 
0.6&0,6 
3,6f I. 94 

16.8k3.24 
52.4f7.3 1 

0.48&0,0% < 0.02 

(2) 
0 

23.0 
48.5 
87.5 

0;52 

(10) 
1 .59 .53  
5.3k1.19 

21.9h3.16 
56.3k5.03 

0.485&0.005, 
<O,OOl 

(6) 
5.3fl.93 

21.6f3.22 
44.5f3.52 
79.3f5,Ol 

0.513f0.002 

(4) 
14.2rfi4. I 1  
52.0f8.31 
75 .Of4.31 
89.2&1 .Ol 

0.56fO. 008 

1-2 days in mountains (2000 m) 
(4) 

2.0fl.06 
5.8& 1.80 

30.0k6.27 
77.8f4.09 

0, SlfiO, 036 
<O,Ol 

(5) 
5.0fi0.63 

14.2k2.32 
56,2&5,48 
85 .o*2.21 

0.524f0.001 
>0,5 

(6) 

2,5*1 .Oh 
0.17&0.05 

28.2&2,41 
S5.0k5.36 

0,495f0.003 
€0.01 

8-9 days in mountains 

1 ,o*i .o 
(6) 

14.8f4.35 
50,5f7.73 
85.3&2;79 

0.52fO,Or)6 
>O.S 

19-20 days in mountains 

(4) 
3.7f2.17 

i6,2&3,68 
61 ,Yf5.97 
S9.55 I ,  94 

0.53$&0.004 
= 0.02 

(4) 
5.8f1.93 

25,3f 1.70 
09.3k5.51 
S9,0& 1.58 

0, SS+O,O3 
<0.@5 

' 271 



mol ysjg 0.516fO. 004 0,51f0.038 0.515f0.038 0,515f0.003 
>0.25 >0.05 >0.5 <O.Ol 

5-6 days after descent from mountains 

0.52 
U. 48 

for 50% he- 
molysp 

(5) 
(JAM 1 0,3f0.24 1 
U.56 0.8f0.75 

23.8f5.12 51.4fll.27 
70.0f5.d4 80.8f6.84 

0.495f0.003 0.522f0.01 
<0.02 >0.5* 

(5) 
3. 6f l . 50 I 26.4f8.08 

(4) 
3.5fl. 55 

22.053.65 
65.5f5.01 
8.88f4.03 

0.53f0.006 
<0.05 

showed a lower osmotic resistance of their erythrocytes to identical concentra- 
tions of NaCl in solution. In all persons of Group 1, for instance, 50% hemolysis 
of erythrocytes took place in a salt concentration of 0.528 fO. O l O % ,  in two moun- 
taineers (Ku-v and Gip-r) in 0,52% NaCl (unfortunately initial data were not ob- 
tained for the other mountaineers), in the young male athletes in 0.513 f 0.002% 
NaC1, but 50% hemolysis of the girls' erythrocytes took place in 0.56 20.008% 
NaC1, i. e. , in a less hypotonic salt solution. 

On the 1st and 2nd days after their arrival in the mountains the ORE of 25 
of the 26 subjects was considerably raised. The zone of NaCl concentrations 
within which 50% hemolysis now took place was entirely shifted to the right, i. e. , 

g the mean value 
eers. 

estigation in the mountains 
we e in the various subjects. As 



a rule the hemolysis curves showed normalization, returning to their original 
values. Only in 3 of the 4 girls did the ORE remain raised throughout the month 
of their stay in the mountains. The normal ORE values were restored in the 
fourth girl (Mak-va). This girl was not as f i t  as the others, she developed 
tonsillitis while in the mountains, and she did not tolerate her stay in the moun- 
tains very well, as was noted in particular when she climbed to 3800 m. 

After coming down from the mountains, during the first days of life in Mos- 
cow, the subjects showed a raised ORE: in all persons of Group 1 (just as with 
the 1964 expedition), in the girl athletes (except Mak-va) and in 2 of the 6 moun- 
taineers investigated (in Gro-va and Ni-v). The ORE of two other mountaineers 
(Ku-v and Gip-r) remained within normal limits. Finally, the ORE of two 
mountaineers (B-n and Ts-n) , who came down from the mountains long before 
the others, was very low. Unfortunately we did not have the original hemolysis 
curves for these mountaineers and the comparison had to be made with the origi- 
nal data for all the adult men, including the mountaineers Ku-v and Gip-r. The 
ORE curves for the young male athletes remained within normal limits. 

Comparison of the changes in osmotic resistance of the erythrocytes with 
the general resistance of the subjects revealed the following pattern. Tests of 
general resistance of the men of Group 1 again confirmed the beneficial action 
of active acclimatization in the mountains. After returning from the mountains, 
their resistance to acute hypoxia in the pressure chamber (V. B. Malkin and co- 
workers) and to spinning on a centrifuge (P. V. Vasil'yev and co-workers) was 
considerably increased. As I stated above, their ORE was raised, confirming 
our previous findings of a direct correlation between the resistance of the body 
as a whole and the ORE. However, this applied to only 4 of the 5 subjects of 
Group 1. The general resistance of one of them (Al-v) to laboratory tests was 
not raised, but lowered, although the ORE was raised as in the other four sub- 
jects. In the case of Al-v, in the period of his stay in the mountains bleeding 
from the nose occurred frequently. He was a little more anemic and appreciably 
weaker than the rest. However, the dynamics of the changes in ORE were the 
same for him as for the others. In this case we cannot therefore speak of a 
correlation between the general resistance and the osmotic resistance of the 
erythrocytes. 

In the group of mountaineers this correlation llkewise was not found in every 
case. Both the general resistance to laboratory tests and the ORE of mountaineer 
Ni-v were raised. In Ku-v and Ts-n the resistance to acute hypoxia was prac- 
tically unchanged. The ORE likewise was unchanged. However, there were ex- 
ceptions. The mountaineer Gip-r, for example, showed greatly increased re- 
sistance to laboratory tests, but his ORE not only was not higher than initially, 
but was actually a little lower. 

Unfortunately no laboratory tests were performed on the young athletes. 
Some idea of their general resistance could be obtained only from the results of 
athletic competitions in which the youths and girls took part soon after returning 
from the mountains. Good results were obtained by 3 of the 4 girls, those whose 
ORE was raised. The fourth (Mak-va), on the other hand, was in poor athletic 
form. She was the only subject not to have a raised ORE. These comparisons 
suggest the presence of a direct correlation between the general resistance of 
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successful acclimatization and of the general resistance of the body. 
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EFFECT OF HYPEROXIA ON DYNAMICS OF ERYTHROPOIESIS 

A. M. Shmeleva and I. S. Breslav 

IN ANIMALS 

The response of the red blood (the erythron) acquires especial significance 
when an animal lives in an atmosphere with a modified partial pressure of oxy- 
gen. 

Most workers who have studied the effect of an oxygen enriched environment 
on the red blood have observed inhibition of erythropoiesis c5, 81. However, in 
some cases a hyperoxic environment may, on the contrary, stimulate erythropoi- 
esis [I, 2 ,  111. 

In our previous investigations [ 31, when albino mice were kept for short 
times and for periods of 10 days in an atmosphere with an increased partial pres- 
sure of oxygen, the effect was mainly to cause signs of inhibition of regeneration 
of the red blood. 

The present investigation is an attempt to carry the study of the effect of 
oxygen on erythropoiesis a stage further. Experiments were carried out on ani- 
mals exposed to more intensive or more prolonged hyperoxia. 

To obtain a more accurate picture of the dynamics of regeneration of the red 
blood of the experimental animals, in addition to the usual methods of analysis in 
a series of experiments the method of determining the resistance of the erythro- 
cytes to acid hemolysis was used [7]. The acid resistance of the erythrocytes 
reflects the relative proportions of younger and older cells. The index of resis- 
tance was used as  criterion. The higher this index, the higher the mean resis- 
tance and, consequently, the higher the percentage of young erythrocytes in the 
blood tested. 

Experimeks were performed on CC55W albino mice and Wistar albino rats 
aged 2-3 months. Blood was taken from the tail. About 100 animals were used 
in each series of experiments. 

In the experiments of series I the mice were kept continuously for 15 days 
in an atmosphere consisting of 60% oxygen and 40% nitrogen. Blood was taken 
several times. both during and after exposure. 

in the hyperoxic medium and at the beginning of the recovery period, while on 
the remainipg days it was slightly below the initial level. The hemoglobin con- 
centration likewise was slightly lower, but by the end of exposure and, in particu- 
lar,  after a return to ordinary air, it rose appreciably. 

As Fig. 1 shows, the erythrocyte count fell during the first days of existence 
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Days of exposure Days after 6 :nd of exposure 

Figure 1. Effect of Exposure for 15 Days to a Medium with 
60% 0 2  Content on Red Blood of Mice: 

CI Color Index; E - Erythrocytes, in Millions/mm3; R - 
Reticulocytes, %; H - Hemoglobin. 

The reticulocyte count in the blood of the mice exposed to a hyperoxic at- 
mosphere was increased (except on the 10th day), reaching a maximum on the 15th 
day, and the level remained high after the end of exposure. 

Hence, a long exposure to a relatively moderate degree of hyperoxia had a 
tendency to stimulate erythropoiesis in mice. The small decrease in the erythro- 
cyte count and hemoglobin concentration in the peripheral blood may be attributed 
to retention of blood in depots under the influence of oxygen excess [6]. 

In the next series of experiments a short exposure to intensive hyperoxia was /300 
given. Albino mice inhaled oxygen at a pressure of 2 . 5  atm. for 90 min. 

The erythrocyte count in the blood of the experimental animals (Fig. 2) after 
the experiment was only slightly' different from before; a small decrease was 
found on the 6th day only. The percentage of hemoglobin showed no statistically 
significant deviation in either this or the next two series of experiments, and it 
is therefore not shown. 

reticulocyte count was observed. Since it was too soon for changes in hemopoiesis 
to become manifest, this increase probably indicates a redistribution of the blood 
cells under the infJuence of a hyperoxic environment [ a ] .  Two days after the ex- 
periment the percentage of reticulocytes fell below the initial level, but then rose 
again; at about the 10th day this index had fallen .again considerably, returning to 
normal by the 15th day. It is easy to see that the index of resistance of the 
erythrocytes shows similar periods of rise and fall, although these fluctuations 
do not coincide completely in time with\changes in the reticulocyte count. 

Soon after removal of the mice from the chamber, an increase in their 
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I -Days after Expo-sure 

Figure 2. Effect of Exposure for 90 min to O2 Under Pres- 
- 

sure (2.5 abs. atm. ) on Red Blood of Mice. Legend as in 
Fig. 1. 
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Figure 3. Effect of Exposure to O2 for 40 h (A) and 72 h 
(B) on Weight of Rats. 1) Experimental Group; 2) Control. 

Exposure to compressed oxygen thus caused a periodic alternation of a rise 

In the experiments of series III rats were placed for 40 h in an atmosphere 

& 
and fa l l  in the number of young erythrocytes entering the bloodstream. 

containing 97% 0 at normal atmospheric pressure. 2 
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Exposure of this duration did not necessarily cause the animals to develop 
toxic effects from the action of oxygen. Admittedly, the body weight of the rats 
was lowered for a short time after exposure (Fig. 3, A), but this was due to the 
stressor action of the experimental situation: similar changes in weight occurred 
in the rats of a control group exposed to an atmosphere of air in the chamber. 
The absence of signs of oxygen poisoning is also demonstrated by the curve of 
respiration rate (Fig. 4, A): in an atmosphere of oxygen the animals' breathing 
became slower, in agreement with data in the literature [6, 10, 131, returning 
to the normal rhythm when they were replaced in an atmosphere of air. 

Figure 4. Effect of Exposure to O2 for 40 h (A) and 72 h 
(B) on Respiration Rate of Rats. 

After the end of the exposure, the number of erythrocytes circulating in the 
blood of the experimental rats increased (Fig. 5), on account of the redistribution 
of the blood already mentioned. Later the erythrocyte count fell (reaching a min- - /302 
imum on the 5th day), but by the 15th day it was a little above normal. 

The reticulocyte cqunt showed a considerable decrease on the 2nd day after 
the end of exposure, exceeded the initial level on the lo th ,  and was back to nor- 
mal on the 15th day. After a short period of decrease, the acid resistance of the 
erythrocytes rose and remained high throughout the period of observation. 

To judge from the index of resistance of the erythrocytes, marked rejuvena- 
tion of the red cell composition of the blood was observed. However, this con- 
clusion is contradicted to some extent by the low percentage of reticulocytes 
which persisted for 5-7 days after the experiment. It may be that in this case 
the peripheral blood was enriched, not with young erythrocytes in general, but 
with young cells which had achieved a certain degree of maturity and had lost 
their reticular substance. 

In the experiments of series IV the rats were exposed to 97% oxygen for 72 h. 
According to data in the literature [12], after such an exposure the animals must 
develop oxygen poisoning and lung lesions. In fact, the experimental rats lost 
weight for some time (Fig. 3, B) and their respiration rate was considerably in- 
creased toward the end of exposure, especially after the animals returned to an 



-Days After Exposure' 

Figure 5. Effect of Exposure for 40 h to O2 on Red Blood 
of Rats. Legend as in Fig. 1. 

atmosphere of air (Fig. 4, B). In most of the animals autopsied after exposure 
to oxygen lung lesions were found: hepatization, edema, and pleural effusion. 

the number of erythrocytes in the peripheral blood rose and then fell. These 
changes were more abrupt than in the experiments of series 111, although they 
took place in the same direction. 

/303 

It is clear from Fig. 6 that soon after exposure to an atmosphere of oxygen 

By the 3rd day after the end of exposure the reticulocyte count had fallen by 
half, but it then rose again and on the 10th day it had almost regained its initial 
level. The index of exposure fell considerably soon after exposure, but on the 
3rd-6th day it was above its initial value. 

As a result of the toxic action of oxygen, stimulation of erythropoiesis evi- 
dently took place after a short period of inhibition. The fact that the number of 
erythrocytes in the blood nevertheless remained low may be interpreted as the 
result of increased hemolysis. 

effect on the red blood. This is presumably the reason for the conflicting nature 
of the results described by different workers studying this problem. 

partial pressure of oxygen in the environment may produce an effect on the hemo- /304 

I 

The results described indicate that a hyperoxic environment has a complex 

Extensive experiments have shown, for instance, that an increase in the 
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-Days After Exposure 

Figure 6. Effect of Exposure for 72 h to O2 on Red Blood of 
Rats. Legend as in Fig. 1. 

globin concentration, and the erythrocyte and reticulocyte counts in the blood of 
animals which differs from one case to the next [14]. 

In our experiments the dynamics of the age composition of the red blood was 
composed of alternating periods of rise and fall of the percentage of young forms 
of erythrocytes. 

It may be postulated that an excessive oxygen concentration in the blood re- 
duces the natural stimulus to erythropoiesis, i. e. , acts in the opposite direction 
to the effect of oxygen lack. However, this action is complicated by a number of 
factors. First, sudden exposure to hyperoxia, by causing spasm of the periph- 
eral vessels, Iretention of blood in storage depots, and other compensatory reac- 
tions restricting the supply of oxygen [6], may lead to tissue anoxia, which is 
especially severe if lung lesions develop. In such cases the hypoxic state of the 
animal is most acute at the moment of change from an atmosphere with a raised 
partial pressure of oxygen to a normal atmosphere. The result of this "hyper- 
oxic hypoxia" [4, 91 must naturally be stimulation (and not inhibition) of 
erythropoiesis 

It is clear from what has been said that the effect of oxygen on the blood 
system cannot be expected to be consistently in the same direction. Depending 
on the degree of elevation of the partial pressure of oxygen in the atmosphere 
and the time spent by the animal in such an atmosphere, as well as on its adap- 
tation to hyperoxic conditions [14), the net result will be either inhibition or 
stimulation of erythropoiesis. 
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POSSIBILITY OF REDUCING THE TOXIC ACTION OF CARBON 
DIOXIDE ON THE LIVING ORGANISM 

V. P. Zagryadskiy, I. Yu. Sidorov and E. K. Sulimo-Samuyllo 

Despite numerous investigations of the effect of changes in the percentage - /305 
content of C 0 2  on the animal organism, very little study has so far been given to 
the prolonged action of small concentrations of C02 on the body. .Data in the lit- 
erature 16, 10 ,  111 show that even a small rise in the C02 percentage in the in- 
spired air may have an unfavorable influence on the state of the organism, re- 
ducing the ability to work and the resistance to various factors (physical exertion, 
respiration under increased pressure, overloading, etc. ). 

The range of compensation which is possible by the body relative to the 
gaseous components of atmospheric air  (COZY 0 ) is very limited. Sensitivity of 
the body is particularly high to C02,  oxygen taking second place. So far as 
nitrogen is concerned, although it is present in the atmosphere in high concentra- 
tion its complete replacement by helium evidently has no appreciable effect on 
the body [2]. 

2 

The smaller the percentage of a biologically active gas in the inspired air, 
the more sensitive the body therefore is to an increase in its percentage. In fact, 
in order to produce hyper- o r  hypoventilation, it is only necessary to change the 
concentration of C02 in the alveolar air by 20.5%. Meanwhile, an increase o r  
decrease of several percent in the oxygen concentration has no appreciable effect ; 
on changes in respiration. Consequently, the body is much more sensitive to 
changes in the concentration of carbon dioxide than of oxygen. 

At the same time, however, the body is many times more resistant to an 
increase in the CO concentration in the inspired air than in the oxygen concen- 
tration. If, for example, the partial pressure of C02 in the inspired air is in- 
creased by 20 times compared with that in the ordinary atmosphere (from 0.23 to 
4 .56  mm Hg), only a change in respiration is produced, whereas an analogous in- 
crease in the partial pressure would cause death of the organism from hyper- 
oxemia (an increase of p0  from 159.5  to 3192 mm Hg, i, e. , to 4.2 atm. pure 

.oxygen) 

2 

2 

Any change in the gaseous composition of the surrounding atmosphere, ac- 
companied by a change in the composition of the alveolar air, may disturb the 
consthcy of composition of the internal milieu of the organism. The inevitable 
consequence of this is the occurrence of compensatory reactions by various sys- 
tems of the body, and especially of increased respiratory function and cardiwas- 
cular activity. 
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Lf compensation is well developed, the organism may begin to function on a 
new level. However, in some cases such compensation costs the body very 
dearly, especially if  the action of the gaseous environment of modified composi- 
tion continues for a long time. If, therefore, the composition of the gaseous en- 
vironment is changed for a long time, reliance cannot be placed entirely on the 
adaptive, defensive reactions of the body itself. It may receive important aid 
under these conditions from the creation of optimal proportions between the 
gaseous components of the atmosphere, at which the unfavorable action of an 
increase in one of them will be masked by the positive effect of the action of 
another gaseous component. Such an effect may be anticipated because of the 
well-known biological antagonism between C02 and oxygen and of the mechanisms 
o€ compensatory reactions of the body during exposure to changed concentrations 
of these gases. 

In this connection it is pertinent to recall investigations which demonstrated 
the beneficial effect of addition of C02 to hypoxemic mixtures on the body [ 3,7] 
the potentiation of the narcotic action of high C 0 2  concentrations by a decrease in 
the oxygen concentration in the inspired mixture to 12-15% C41, and the shortening 
of the recovery period after prolonged C02 poisoning by administration of pure 
oxygen [ 5 1. 

These investigations show that if the organism is exposed to modified con- 
ditions of its gaseous environment, its state will depend on the ratio between the 
oxygen and CO concentrations. They also confirm P. M. Al'bitskiy's view [l] 2 
that definite antagonism between oxygen and carbon dioxide exists in the living 
organism. 

It may be supposed that the basis of antagonism between oxygen and C02 is 
the difference between the action of these gases on the state of the metabolic 
processes, which are inhibited by carbon dioxide and stimulated by oxygen within 
a definite range of their concentrations. 

in order to find ways of preventing the toxic action of C 0 2  on the body. 
For the sake of these considerations we ddcided to conduct an investigation 

In our investigations during previous years we found that if animals are kept 
for 5-6 h or for many days in a gadeous environment with 3 4 %  C02,  this is 
followed by.a long period of inhibition of activity of the central nervous system. 
If on the other hand, the gas mixture is enriched with oxygen (to 35-40%), the 
period of this aftereffect is reduced by half. 
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This suggested that oxygen could be used to limit the unfavorable effects of 

The most marked unfavorable effect of prolonged exposure to C02 was ex- 

carbon dioxide on the animal organism. 

pressed as lowering of the animal's resistance to overloads, to breathing under 
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increased pressure, and to physical exer- 
tion. If the animals were kept for 5 h in 
5% C02 ;tnd a normal oxygen concentration, 
for instance, in some cases disturbances 
of cardiac activity developed (disturbances 
of conduction and excitation of the myocar- 
dium, myocardial infraction) during over- 
loads, together with paresis of the hind 
limbs, prolonged desynchronization of the 
a-rhythm on the EEG, and so on. 

After an increase in the concentration 
of oxygen in the gaseous mixture to 35% 
the ability of the animals to tolerate over- 
loads, as shown by the changes in respira- 
tion, pulse, ECG and EEG, was affected 
relatively little by comparison with what 
took place before the animals' stay in the 

changes in the pulse of rabbits subjectedto 
the action of radial accelerations of iden- 
tical magnitude before and after a stay in a 
gaseous environment with an increased C02 

concentration and with different concentra- 
tions of oxygen may serve as an example 
(Fig. 1). They show clearly that both the 

degree of inhibition of cardiac activity and the time taken for it to recover were 
much reduced if an increased concentration of oxygen was present. 

Figure 1. Changes in Heart Rate 
of Rabbits During the Action of Ra- 
dial Accelerations Before and After 
a Stay in a Gaseous Environment 
with an Increased cog Concentra- 
tion and with Different Oxygen con- 

1 and 3) in Initial State; 2) After a 
Stay in 5%C02 for 5h; 4) After a 
Stay in 5% C 0 2  and 34% 0 2  for 5 he 

centrations. gaseous environment. Curves of the 

In an autopsy on animals subjected to the action of accelerations after a stay 
in a gaseous environment with an increased C 0 2  concentration extensive hemor- 
rhages located mainly along the course of the ribs were very often found. fi the 
gas mixture contained an increased percentage of oxygen, the hemorrhages in 
the lungs were small and petechial. Many emphysematous areas were found. 
Histological analysis (V. B. Barsukovskiy)'after exposure to C02 and overloading 
revealed,multiple hemorrhages (partial and massive) in the interstitial tissue 
and also hemorrhages inside the alveoli. 

/308 

In rabbits subjected to overloads after a stay in a gaseous environment with 
5% CO and enriched with oxygen, tiny, scattered interstitiah hemorrhages were 
found. Sometimes collections of erythrocytes were observed in the walls of the 
alveoli (incrustation). The impression was created that C 0 2  makes the vessels 
more permeable and that an increase in the oxygen concentration in the gaseous 
medium to some degree prevents the development of these undesirable phenomena. 
Unfortunately the small number of histomorphological examinations carried out 
does not allow more definite conclusions to be drawn. 

2 
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Convincing data concerning the beneficial action of oxygen in relation to the 
changes caused by C02 were obtained in experiments in which high C02 concen- 
trations were used. The object of these investigations was to study the character 
of the course of the "inverse" action of carbon dioxide depending on the partial 
pressure of oxygen. The pattern of development of the Ynverse" action of C02 
was different in cases when mice were preliminarily kept in a gaseous environ- 
ment with 40% C02 and witha partial pressure of oxygen equal to 160 or 350 mm 

TABLE: Inverse Action of C02 in Relation to Partial 

Pressure of Oxygen and Preceding 'Administration of 
Vitamins to Animals 

Experimental conditions 

Mice taken from gaseous environment 
with 40% C02 and p02 = 160 mm Hg . 
Mice taken from gaseous environment 
with 40% C02 and p02 = 305 mm Hg ... 

p02 = 380 mm Hg, 

Mice taken from gaseous environment 
with 40% C02 and placed in one with 

.............. 
Mice (vitaminized) taken from gaseous 
environment with 40% C 0 2  and p02 = 

= 160 mm Hg .................. 
Mice (vitaminized) taken from gaseous 
environment wjth 40% C02 and p02 = 

= 305 mm Hg .................. 

Character of inverse 
action of CO, 

full 
recov- 
ery 

51 

15 

39 

68 

42 

.ncomp 
recov- 
e ry  

26 

71 

54 

16 

51 

U 

death 

23 

14 

7 

16 

7 

In the first case, after a stay in carbon dioxide the mice had an attack of 
well marked cloliic spasms lasting the first 1.5 min. They coincided in time 
with a period of slowing of respiration. Often the attack terminated in spastic 
respiratory arrest  and death of the animal. If, however, the animal did not 
die, its movements were inhibited for a long time. 
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When the partial pressure of oxygen in the gaseous mixture was increased to 
305 mm Hg, the spasms appeared sooner and the individual spasms were shorter 
in duration and less severe. The recovery period was considerably longer in 
duration, but the mortality rate among the animals was greatly reduced (table). 

the best results were obtained with those treated with vitamins concerned with 
synthetic processes in the cells: vitamin B12, folic, pantothenic and p-amino- 
benzoic acids (N. D. Popov). Their administration sharply reduced the mortality 
rate among the mice taken from an environment with a high C02 concentration. 

Further analysis of the results showed that among animals receiving vitamins 

A factor of considerable importance in increasing the resistance of the body 
to the action of carbon dioxide is nonspecific acclimatization to various agents: 
a lowered partial pressure of oxygen and long-acting overloads (Chang Ju-kuo) . 

Experiments showed that adaptation to hypoxia, besides increasing the resis - 
tance of the body to this factor, at the game time $creases its resistance to 
changed conditions of the gaseous environment , containing low and high concentra- 
tions of C02. 

/309 

Repeated daily exposure of animals to small (up to 1.5 g) overloads for a 
duration of 60 min for 5 days also increased their resistance to high concentra- 
tions of CO in the inspired air. 2 

These investigations thus confirmed once again the existence of highly com- 
plex interactions in the body between the biologically active gases oxygen and 
carbon dioxide; they showed that an increase in the concentration of one gas (ox- 
ygen) essentially Wodifies the manifestation of toxicity of the other. The action 
of both these gases is evidently directed toward the tissue enzyme systems, the 
level of whose activiq provides optimal conditions for metabolic processes to 
take place. 

This is a matter of great importance for function of those nervous centers 
on whose activity rests the smooth flow of the chain of compensatory reactions 
aimed at maintaining equilibrium between the organism and the modified con- 
ditions of the gaseous environment. Provision is thus made for increasing the 
resistance of the organism to unfavorable factors by modifying its reactivity in 
the required direction. 
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HUMAN ADAPTATION TO TEMPERATURE CONDITIONS WITH THE 
OBJECT OF INCREASING RESISTANCE TO HEAT 

P.V. Buyanov, A.V. Beregovkin, andM.A. Migulina 

In the course of his work, rnan often has to withstand the action of high tem- 
peratures. During space flight hyperthermic conditions may be created. In ad- 
dition to protective measures, it is desirable to increase the resistance of the 
body to high temperatures, and one of the principal ways in which this can be 
done is by specific training [2, 3, 6, 81. 

Because of the importance of the pattern of the astronaut's reactivity to 
high temperatures, A. A. Dorodnitsyna and co-workers studied methods of in- 
creasing resistance to heat by specific training. In the experiments described 
below, by means of clinical and physiological methods we studied the after- 
period, and from the stability and magnitude of the results thus obtained we 
judged the changes taking place in function of the cardiovascular system, ex- 
ternal respiration, .renal function, the blood system, and the level of adaptation 
of the subjects examined. The after-period was studied during exposures of 1 h 
in a chamber at +50 and +60" and of 50 min at a temperature of +70°. Exposure 
to temperatures of 50 and 60" was carried out daily or on alternate days. Ex- 
popure to a temperature of +70° was carried out only on alternate days. The 
duration of the adaptation cycle ranged from 1 to 2 months. In the background 
investigation, after every 1 0  exposures to the high temperature, at the end of 
the adaptation cycle, and thereafter every 25-30 days for 2-4 months, a tem- 
perature test was performed (+80° with the longest possible exposure). The 
criterion for stopping the experiment was an appreciable worsening of the pa- 
tient's general and subjective condition, a rise of the pulse rate above 150 beats/ 
min, or a rise of temperature by more than 3" (A.A. Dorodnitsyna and G.V. 
Kaliberdin) . 

The objects ,of the clinical and physiological investigations in the after- 
period of the adaptation cycle and at the end of this period were to look for the 
appearance of changes affecting the cardiovascular system, the peripheral blood, 
external respiration and renal function, to determine the stability of these 
changes, and to ascertain the significance of the changes found in determining 
the level of ,adaptation of the subject. Besides clinical examination by specialists, 
spirography was performed, the body temperature taken, the gas exchange 
studied, the blood and urine analyzed, the hematocrit index obtained, and tacho- 
oscillograms from the arm and arterial oscillograms recorded. By simul- 
taneously recording the tacho- and arterial oscillograms, the fundamental hemo- 
dynamic indices could be determined and an estimate made of the work of the 
heart, the tone of the larger arteries, and the state of the peripheral resistance. 
The stroke and minute blood volumes were calculated by N. N. Savitskiy's mod- 
ification of the Bremser-Ranke formula. 
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To begin with the background data were established. Thereafter iwesti- 
gations were carried out periodically one every 10-15 days in the course of the 
adaptation cycle. At the end of the cycle the investigations were repeated every 
25-30 days until disappearance of the changes which had been found. The inves- 
tigations were carried out after the temperature test (80"). In most cases the 
orthostatic test was used. 
were carried out on 17 men aged 22-26 years. All were declared healthy and f i t  
to take part in tests involving exposure to  high temperatures. 

/ 312 Observations and clinical and, physiological tests - 

V 

RESULTS 

70 on al- 
ternate 
days 

First series (table). During the adaptation cycle a gradual fall of arterial 
pressure was observed (minimal by 11-17 mm Hg, mean dynamic pressure by 
10-18 mm, and piezometric or lateral pressure by 9-12 mm Hg). The pulse 
pressure was slightly increased (to 10 mm Hg). Soon after the end of adaptation 
the arterial pressure returned to its initial level. The heart rate and cardiac 
output (the stroke and minute blood volumes) were not significantly changed. 
The trend of the changes in the precapillary system corresponded to the dynamics 
of the mirlute circulation of the blood. The velocity of spread of the pulse wave 
along the elastic vessels (Ve) was unchanged, while that along the muscular ves- 
sels (Vm) fell by 7-27%. The ratio Ve/Vm fell by 12-15% by the end of the adap- 
tation period. 

TABLE: Series of Investigations Undertaken 

kries 
of 

.nves- 
tiga- 
tions 

I 

I1 

ID 

experi- 

ternate 

on al- 
ternate 

Num- 
ber 
of 

Sub- 
jects 

4 men 

4 men 

3 men 

3er ie s 
of 

nves- 
tiga- 

tions 

IV 

exper i- 

daily 

Num- 
ber 

of 
sub- 
jects 

3 men 

3 men 

Note: Duration of experiment 60 min in series I-Iv and 50 min in 
series V. 

Although the gas exchange was investigated under conditions close to those 
of basal metabolism, the oxygen consumption in the initial state was raised 
slightly to 267-319 ml/min. In the adaptation period the oxygen utilization of 
two subjects rose by 1 3  and 15%. Their C02 elimination rose correspondingly. 
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Their respiratory quotient was essentailly unchanged. The pulmonary ventila- 
tion rose in the first period and fell by 10-12% in the second period of adaptation 
in all subjects. At the end of the adaptation cycle the indices of gas exchange and - / 313 
of pulmonary ventilation returned to their initial level within a day or two. The 
vital capacity of the lungs and the partial lung volumes were essentially unchanged. 

After adaptation for 15-20 days the hematocrit volume began to increase*. 
A steady increase in the erythrocyte volume was found in two subjects. In the 
rest the increase in hematocrit index was transitory. The mean erythrocyte 
volume increased by 15-61%. Starting from the 30th-40th day of adaptation the 
leukocyte count rose gradually without any appreciable shift in the leukocyte 
for mula. 

The first control examination after the temperature test showed increases 
of 16-21% in the erythrocyte count and of 0.4-1.2 g % in the hemoglobin concen- 
tration. The hematocrit index was increased by 5-48% and the mean erythrocyte 
volume by 4-61%. The leukocyte count was increased on the average by ll%, 
mainly on account of the neutrophils. After the second temperature test on one 
subject a shift to the left of the neutrophils as far as the appearance of metamyel- 
ocytes was observed. After the temperature test the subjects' diuresis was re- 
duced, albuminuria appeared (up to 0.033% and higher), and hyaline casts were 
found in the sediment (1-2 per preparation). The changes discovered disappeared 
during the first day as a rule, and only occasionally were detectable until the 4th 
day after exposure. Changes in the urine of two subjects diminished considerably 
in the course of adaptation. 

The observed changes resulting from adaptation were unstable and dis- 
appeared in the first 10-15 days after the adaptation cycle ended. Some sub- 
jects showed poor powers of adaptation to the action of high temperatures. 
One subject, for example, developed signs of automatic vasomotor instability 
during exposure to high temperatures and he took no further part in the tests. 

Second series. After each exposure the subjects were generally tired and 
exhausted and complained of headache. The subjective picture was more marked 
than in the subjects of the first series. With the systematic exposure to high 
temperatures the arterial pressure fell by 5-12 mm Hg. The heart rate was 
reduced by 3-15 beats per minute. The observed changes disappeared 10-15 
days after the end of the adaptation cycle. During the exposures to a high tem- 
perature marked variations were found in the values of the stroke volume of the 
circulation. By the end of adaptation the indices of cardiac output had returned 
to their original level. The V /V ratio was reduced by 5-19% except in one 
subject, in whom no perceptible change took place. By the end of adaptation the 
initial value of Vm/Ve had been restored. During the after-period considerable 
fluctuations of the stroke and minute blood volumes were observed, mainly 
rising to 120-162% of their initial values. 

m e  
/ 314 - 

*The hematologic investigations and urine analyses were performed by 
M. Z Ginzburg. 
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The oxygen consumption fell from 305-335 ml/min by 12-23%. The COS 
elimination was reduced by 40-53%. Consequently, the respiratory quotient fell 
to 0.75-0.68. The minute volume of ventilation (MVV) was reduced in three sub- 
jects by 71-74%, mainly through slowing of the respiration rate and, to a lesser 
extent, through a change in the respiratory volume. Tests showed that 2 months 
after the end of the adaptation cycle the MVV had not yet reached its original 
level. 

No appreciable changes were observed in the blood. In one animal only the 
erythrocyte count was lowered by 13% and the hemoglobin concentration reduced 
from 14.7 to 13.2g %. 

In the temperature test performed during adaptation a lowering of the ar- 
terial pressure was observed, the mean dynamic pressure falling by 4-15 mm 
Hg, the stroke pressure increasing by 6-20 mm Hg, and the true pulse pres- 
sure falling by 5-9 mm Hg. The velocity of spread of the pulse wave was re- 
duced in both elastic and muscular arteries without any appreciable change in 
the Vm/Ve ratio. Only the orthostatic test caused some decrease in the Vm/Ve 

ratio instead of its usual increase observed during this test. In two subjects 
this type of unfavorable reaction of the vascular tone during the orthostatic test 
was observed throughout the period of observation at the end of the adaptation 
cycle (3-4 months). 

After the temperature test the gas exchange increased. The leukocyte count 
was raised by 7-58%. A more marked leukocytic response with a shift of the 
neutrophils to the left and a moderate lymphocytopenia was observed in the sec- 
ond period of the adaptation cycle. 

As a rule albumin, hyaline casts, and a few erythrocytes appeared in the 
urine. Changes in the urine of one subject were more marked and persisted for 
3-4 days. After 2-3 weeks the changes in the urine were considerably reduced 
or had disappeared. During the orthostatic test the main feature was a decrease 
in stroke volume, with a slight decrease in the minute volume of the circulating 
blood and a fall in the Vm/Ve ratio. 

In this series of experiments the adaptive response to systematic exposure 
to high temperatures included lowering of the arterial pressure, slowing of the 
pulse and respiration, a decrease in the cardiac output, and reduction of the gas 
exchange and the minute volume of pulmonary ventilation. From the dynamics 
of these indices after the end of adaptation it appears that there is an increase 
in resistance to heat which is of relatively short duration (under 1 month). 
Meanwhile, the effect of specific adaptation on the vascular tone continues much 
Ionger (3-4 months). Some of the changes in the hemodynamics, gas exchange, 
peripheral blood and urine were due not only to the influence of temperature on 
the human body, but also, and more especially, to individual variations which 
must be taken into account during job placement. 

/'3i5 

Third series. In the period of systematic exposure to high temperatures 
again the most characteristic features were lowering of3he arterial pressure 
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and slowing of the pulse. The minute volume of circulating blood showed in- 
constant chinges (from +30 to +38%). The Vm/V ratio fell in only one subject, 
The oxygen consumption rose in 1 (+74%) and fell in 2 subjects by 20 and 32% 
respectively. The respiration rate became slower. The minute volume of 
ventilation of the lungs diminished by 21-26%. In one subject the leukocyte 
count rose in the course of adaptation from 7000-7500 to 9000-9500 cells/mm . 
The number of leukocytes of the neutrophilic series rose by 90% and the number 
of eosinophils by 3.5 times. Not until 1 month after the end of adaptation to 

3 high temperatures did the leukocyte count fall to 8200 cells/mm . 
The temperature test showed a lowering of the arterial pressure, an in- 

crease in the stroke pressure, quickening of the pulse by 11-16 beats/min, and 
a decrease in the Vm/Ve ratio by 5-18%. The erythrocyte count fell slightly. 
The hematocrit volume of the erythrocytes increased by 9-13%. The leukocyte 
count rOse by 6-50%. During subsequent tests the leukocytic response was less 
marked, which is attributable to adaptation. The adaptive changes in the sub- 
ject with an increased leukocytic response were of short duration, for;l month 
after the end of the adaptation cycle, when this test was performed after the 
temperature test, a marked leukocytic response was observed, with a shift to 
the left as far as the appearance of metamyelocytes. Traces of albumin, recent 
erythrocytes, and occasionally hyaline casts appeared in the urine. In two sub- 
jects the process of adaptation had no effect on the changes observed in the 
urine. Adaptation was of short duration and could be discerned for the first 10- 
20 days. 

The phases in the response of the circulatory system were more clearly defined. 
In the initial period an increase of 2844% in the minute volume of the circulation 
was observed, followed by a decrease of 21-26% in the second period. A reduc- 
tion in cardiac output coincided with a decrease in gas exchange. The change in 

the initial level, and in the orthostatic test a still further decrease was observed. 
In one subject considerable hypotension was found in the period of systematic 
exposure to high temperatures. The minimal pressure fell to 44, the mean dy- 
namic pressure up to 65, and the lateral pressure to 85 mm Hg. Bradycardia, 
which was characteristic of this subject in the initial state, gave way to quicken- 
ing of the' pulse from 44 to 70 beats/min. 

e 

3 

Fourth series. The same changes were found as in the first three series. 

/ 316 vascular tone was more marked. The ratio Vm/Ve at rest was 13-23% below 
_L 

This oxygen consumption fell by 16-40% and the 60 elimination by 11-29%. 
The respiration rate fell from 15-16 to 11-13 per minute and the minute volume 
of ventilation of the lungs was reduced by 14-28%. The decrease in M W  took 
place gradually, as exposures to a high temperature continued. The vital ca- 
pacity of the lungs and its constituent partial Volumes were unchanged. 

volume of the erythrocytes was unchanged, while the leukocyte count fell by 22- 
37%. After the temperature test a leukocytic response was observed. The leuko- 
cyte count rose by "-124%. 

2 

It is an interesting fact that in this series of the investigation the hematocrit 
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In the fifth series only laboratory tests were performed. More marked 
changes in the blood and urine after the temperature test were observed in the 
first period of the adaptation cycle. In the second period they were slight or 
absent. 

DISCUSSION 

Systematic exposures to high temperatures, used in order to increase re- 
sistance to heat, did not noticeably affect the subjects' sense of fitness. In a 
few cases some decrease in tolerance to high temperatures was observed. 
These subjects showed autonomic vasomotor and endocrine instability, a marked 
and persistent hyper- or hypotensive response, and long-lasting leukocytosis. 
The differences between the subjects revealed by these tests demonstrate the 
importance of the individual qualities they possess, associated with inadequacy 
of neuro-endocrine regulation of the circulation in some cases and with differ- 
ences in hemopoiesis in others. The results obtained must be taken into con- 
sideration in cases when medical examination for employment associated with 
exposure of the human body to high temperatures is involved. 

Too little attention has been paid in the literature to the question of adapta- 
tion to high temperatures. According to some reports, persons with certain 
disturbances of function and with certain diseases, such as hyper- or  hypofunc- 
tion of the thyroid, neurological disturbances , disorders of the endocrine glands 
o r  of metabolism, and.chronic diseases, possess lowered tolerance to high tem- - / 317 
peratures [121. Our results are interesting from the standpoint that persons 
who, when tested after systematic exposure to high temperatures, showed per- 
sistent disturbances of function, were declared healthy on the basis of the initial 
clinical and physiological examination. 

We found several consistent changes in the subjects resulting from syste- 
matic exposure to high temperatures (between 50 and 70'). A definite hypoten- 
sive response was present, with slowing of the pulse, reduction of the gas ex- 
change, a decrease in pulmonary ventilation, and so on. These changes were 
more regularly found in the second period of the adaptation cycle, in all series 
of the investigation. In my opinion, the changes discovered are important in 
adaptation of the body to high temperatures * a d  they reflect the development of 
adaptation processes in the course of repeated exposure to them. Many inves- 
tigators who have studied acclimatization in regions with a hot climate have also 
found, in cases when adaptation was successful, slowing of the pulse, lowering 
of the arterial pressure, a decrease in the cardiac output, and a reduction in 
the gas exchange 111, 13, 151. The cyclic nature of the changes in the hemody- 
namics and gas exchange revealed by our experiments was found quite distinctly 
in earlier studies of acclimatization to high temperatures. Z . I. Umidova and 
A. D. Slonim [ll, 131 found an initial increase in the stroke and minute volumes 
of blood and in the gas exchange. In the second period they observed a decrease 
in the cardiac output and oxygen utilization. 

According to our findings, adaptation to the temperature factor takes place 
in two stages. In the first period an increase in the activity of the circulatory 
system and in the gas exchange is observed. In the second stage the circulating 
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blood volume falls and the oxygen consumption is reduced. In some cases the 
decrease in gas exchange is greater than the change in the minute volume of 
circulating blood. 

effective and that adaptation is unstable, A decrease in the oxygen consumption 
with an adequate or slightly greater decrease in the volume of the cardiac output 
are evidence of better adaptation to high temperatures. 

The lowering of the arterial pressure and simultaneous increase in the 
hemodynamic stroke are signs of a decrease in vascular tone. The disturbance 
of vascular tone is confirmed by the decrease in the ratio between the moduli of 
elasticity at rest and its further decrease during the orthostatic test. These 
distinctive features of the changes in vascular tone during systematic exposure 
to high temperatures must be taken into consideration when choosing methods of 
increasing the resistance of astronauts to heat, for a lowering of vascular tone 
may significantly affect tolerance to overloads and, possibly, to weightlessness. 

This last observation indicates that the circulation of blood is not sufficiently 

- / 318 

The character of the changes in the blood and urine during exposure to the 
temperature factor has been inadequately studied in the literature. Most inves- 
tigators have studied conditions of acclimatization in a hot climate and there are 
few indications of changes in the blood and urine during exposure to heat under 
special conditions. Many workers found no essential changes in the red blood 
12, 91. F.T. Agarkovjand V.N. Belyayeva [2] found cyclic responses of the red 
blood in their experiments. Other workers found a decrease in the leukocyte 
count, mainly on account of a neutropenia [l, 4, 161. A leukocytic response 
with a shift of the formula to the left was observed in animals kept in a hot 
chamber. In the course of adaptation the degree of the changes in the white blood 
cells increased [4, 51. In dogs, a leukocytic response takes place during ex- 
posure to a relatively moderate positive temperature (from +30 to +40°) and 
leukopenia during exposure to higher temperatures (from +50 to SO"). It is 
clear from these results that our knowledge of the dynamics of the blood picture 
during acclimatization is incomplete. We  consider that an increase in the leu- 
kocyte count is observed in the first period of systematic exposure to the action 
of high temperatures. Later there is a gradual decrease in the leukocyte count 
and a reduction in the increase in the leukocyte count taking place during the 
temperature test. The marked and persistent leukocytic response of the blood 
and the considerable changes in the urine associated with direct exposure to the 
temperature factor indicate lowered tolerance and unsatisfactory adaptation to 
it. 

The decisive factor in the choice of method of adaptation is the stability of 
the adaptation achieved. Our findings, however, justify the conclusion that the 
adaptation is relatively short in duration. This conclusion is confirmed by data 
obtained by other investigators [ lo]  and also by the direct results of the tem- 
perature tests carried out on our subjects (A. A. Dorodnitsyna, G. V. Kaliberdin 
and others). Our findings thus confirm the conclusions drawn by other workers, 
namely, that stability of the adaptation produced by exposure to high temperatures 
is inadequate. In our subjects signs of adaptation were found for the first 10-30 
days, depending on the magnitude of the temperature factor and on its frequency 
of repetition. The duration of the development of adaptation is evidently about 
twice as long as duration of its persistence after the exposures to the tempera- 
ture factor have ceased. 
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STANDARDS FOR NOISE LEVELS IN CABINS OF SPACECRAFT 
DURING LONG-DURATION FLIGHTS* 

Ye. M. Yuganov, Yu, V. Krylov and K. S. Kuznetsov 

Among the many problems of space medicine, those concerned with the ac- 
tion of noise on the astronaut occupy a special position. The uniqueness of con- 
ditions of life on spacecraft has essentially modified the character and intensity 
of external acoustic stimuli which may act on the human organism and, in par- 
ticular, on the auditory system. From the point of view of the physical charac- 
teristics of noise and the pathophysiology of its action, space flight can be sub- 
divided conventionally into two stages. The first step is typified by the action of 
short but intensive sounds and it corresponds to the period of active movement 
of the rockets. Many investigations of the unfavorable effects of noises with dif- 
ferent characteristics on persons following different occupations have now been 
published. Detailed studies have been made of the character and degree of the 
general physiological and hearing disturbances produced, maximal permissible 
noise levels have been laid down, and the principles and means of protection 
against noise have been established. 

- / 320 

Flights by Soviet astronauts on the ships of the Vostok and Voskhod 
series showed that individual methods of protection against brief, intensive 
noises can protect a man from unpleasant acoustic senstations and enable him to 
continue capable of working, by creating a reliable screen from masking inter- 
ference during radio communcation. With the prospects of long flights in space 
lasting many months or even years, it is likely that the spacecraft used will be 
put into orbit by means of more gradual acceleration. With flights of this type 
the time of action of high-intensity noises will be considerably increased, and 
presumably their power will also be greater. 

Obviously, in order to be able to forecast man's ability to work under such 
conditions, we must continue our investigations of the complex effects of noises 
of high intensity on the astronaut. Special attempts must also be made to reduce 
noise at its source and to choose optimal sound-insulating and sound-absorbing 
materials for use in the spacecraft of the future. 

The second stage of a space flight is characterized by continuous and pro- 
longed action of sounds of medium and low intensity and it corresponds to the 
period of orbital movement of satellites and spaceships. At this stage the main 
source of noise in the cabin is the assembly of life-supporting systems. Be- 
cause of the conditions of flight these functions continuously, and thus create a 
permanent acoustic background in the cabin. 

The problem of the habitability of spacecraft cabins in a long orbital flight 
cannot be solved without the experimental determination of permissible noise 

*Given at the XVIth International Astronautical Congress, Athens, 1965. 

296 



levels acting permanently on the astronaut. Although investigations for deter- 
mining standards for high-intensity noise have been undertaken for many years 
and a rich experimental material has accumulated, the problems connected with 
the pathophysiology of exposure to sounds of medium and low intensity and with 
the establishment of appropriate standards have only recently begun to be studied. 
In a space flight lasting a few weeks or  months, the factor of continuity of acoustic 
stimulation becomes still more important, and this necessitates the search for 
new ways and means of establishing permissible noise levels in the spacecraft 
cabin. 

/ 321 The control of noise parameters is known to depend on the design of the - 
craft, the principal objects and special features of the flight, and the nature of 
the astronauts’ activity. 

On craft without special compartments for sleep and rest, the permissible 
noise intensity must be close to that recommended for dwellings. According to 
data reported by a number of investigators, the noise level in residential build- 
ings by day must not exceed 35-40 dB, and by night 25-30 dB. In particular, 
I. L. Karagodina [6] considers that the optimal noise level in dwellings by day is 
35 dB at a frequency of 1000 Hz, and by night 30 dB. Similar intensities are rec- 
ommended by various writers also for the conditions of space flight. According to 
E. B. Konecci [l5], the permissible levels of continuous noise acting for long 
periods on man in flight must not exceed 40 dB. Slager [17], in a survey on 
space medicine published in 1963, also states that in the period of orbital flight 
the noise level inside the cabin should not, if possible, exceed 40 dB. 

Unfortunately, the results of investigations of p.ermissible noise levels in 
residential buildings cannot be applied directly to spacecraft cabins, for no allow- 
ance is made in these standards for the effects of factors of relative isolation, 
hypokinesia, etc. , on the astronaut. The data given by E. B. Koneccii and by 
Slager are not based on experimental studies of human subjects staying for long 
periods in a small cabin. 

To establish a physiological and hygienic basis for permissible levels of 
noise acting throughout the 24 hours on the astronaut and continuously throughout 
the flight, special investigations were undertaken. In 92 experiments in which 63 
subjects took part, the effects of high-frequency (up to 3000 Hz) noise with inte- 
gral levels af 60-65 dB and 74-76 dB and length of exposure from 8 h to 60 days 
on the human auditory system were studied. Not only the acoustic environment 
of the cabin, but also several other flight factors-isolation, hypokinesia, the 
conditions of work, rest, food and clothing, ‘ptc., were simulated. 

three methods : 
The spectral and amplitude characteristics of the noise were determined by 

- measurement of the total level by means of DOU noise meters; 
- recording the amplitude and frequency components of the noise with a 

Brcel and Kiaer microphone, with simultaneous automatic analysis on a 
spectrograph made by the same firm; 
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- recording noise through the microphone and calibrated circuit on ferro- 
magnetic tape followed by its analysis on a l'B%el and Kiaer" spectro- 
graph, making allowance for-the total level obtained on a noise meter. 

The state of function of the auditory system was determined from changes - / 322 

hearing thresholds at frequencies of 125, 250, 500, 1000, 2000, 3000, 
4000, 6000, 8000 and 10,000 Hz by air conduction; 
differential thresholds from a pitch of 1000 Hz; 
thresholds of masking a tone of 1000 Hz by white noise with an intensity of 
70 dB; 
the time taken for recovery of the original auditory sensitivity after a 
standard 3-minute application of white noise with an intensity of 95 dB. 

All the techniques were modified to suit the conditions of a stay of several 
days in a hermetically closed cabin of small size. In particular, to prevent the 
formation of a reflex to time by the subjects, a special device was designed which 
standardized the duration of the burst of sound (1 sec) and varied the interval be- 
tween successive tones at random. Before the experiment the output potentials of 
the audometer were calibrated on the screen of an oscillograph so that the sta- 
bility of the readings could be verified on any day of a long-term experiment. 

The results of investigation of the hearing thresholds were analyzed by sta- 
tistical methods, both by calculating the criterion of significance and by the 
method of least squares [SI. The subjects were questioned to discover com- 
plaints of headache, tinnitus, insomnia or loss of appetite, which they associated 
with the action of noise. 

According to the findings of A. A. Arkad'yevskiy [l] and E. L. Orlovskaya [9], 
exposure for 7 h to high-frequency noise with a total level of 75 dB had no gen- 
eral unfavorable effect on the human body. We therefore considered that the 
first series of experiments could be started by studying the action of these noise 
levels on man, making allowance also for the added effects of a long stay in a 
hermetically closed and small cabin on the subjects. 

After a continuous exposure of 8 h to noise with a total intensity of 74-76dB, 
the hearing thresholds of the subjects were increased at the end of the experi- 
ment by 4-5 dB at low frequencies and by 5-10 dB at high. The time taken for 
recovery of the original auditory sensitivity, as given by the differential thresh- 
olds for pitch and the duration of retrograde adaptation, was from 1 to 2 h. The 
results demonstrate moderate exhaustion of auditory function. 

In experiments in which the subjects were exposed to the continuous action 
of these noises for 24 h, a decrease of auditory sensitivity by 10-15 dB at low 
frequencies and by 10-20 dB at high was observed in this period. The differen- 
tial thresholds for pitch rose from 0.008-0.010 to 0.012-0.022. The original 
auditory sensitivity was restored from 1 to 2 h after exposure had ended. 
Characteristically the basic indices of physiological functions (respiration rate, 
blood pressure, elements of the ECG) were essentially unchanged. Meanwhile, 
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under these conditions the subjects complained for the first time of the irritant 
effect of the noise during the period of sleep and rest. 

The continuous action of noise for 72 h caused the hearing thresholds to in- 
crease by 15-20 dB. The differential thresholds for pitch rose from 0.008-0.011 
to 0.013-0.018. Auditory sensitivity recovered in the course of 2-3 h. The 
pulse and respiration rates, and blood pressure were only slightly different from 
initially at the end of exposure. The subjects complained of tinnitus and head- 
ache. 

In experiments lasting 10 days the hearing thresholds varied at different 
times by as much as 10.0-17.5 dB. At the end of exposure to noise the hearing 
thresholds were raised by 20-25 dB. The time of retrograde adaptation was in- 
creased from 35-40 sec to 240-300 sec. Recovery of the original auditory sen- 
sitivity took 8-18 h. 

During this period the subjects were troubled by headache and by noises and 
ringing in the ears. The response of the cardiovascular system to standard 
physical exertion was a slight lowering of vascular tone. During the physiological 
examination the subjects showed signs of fatigue. Comparison of the results of 
audiometry with the subjects' complaints and the results of the clinical and 
physiological examinations indicates that continuous (for 10 days) noise with an 
intensity of 74-76 dB causes marked general effects on the human body. 

When the subjects were exposed to the continuous action of high-frequency 
noise with an intensity of 75 dB, fluctuations in the levels of hearing thresholds 
took place, with a diminution of fluctuation in the periods from the 5th to the 7th 
and from the 24th to the 27th days of the experiment. At the end of the experi- 
ments the hearing thresholds were raised by 25-30 dB. The time of retrograde 
adaptation was increased by 3-5 times. Recovery of the initial auditory sensi- 
tivity took place in 48-50 h. A characteristic feature distinguishing these in- 
vestigations was the constant complaints throughout the experiment of the irri- 
tant and fatiguing action of the noise. After prolonged exposure to the stimulus, 
the subjects heard a noise in their ears continuously for 24 h. The investiga- 
tions showed that by the end of the experiment there was a decrease in the am- 
plitude and freqyency of the a-rhythm on the EEG, with superposition of diffuse 
slow waves. Control experiments with relative isolation and hypokinesia showed 
that continuous exposure to noise for 30 days has a definite unfavorable action on 
the central nervous system and the auditory system. 

These investigations demonstrated that the continuous and periodic action of 
high-frequency noise with an intensity of 75 dB on the human subject causes ef- 
fects which differ both in their character and in the degree of modification of the 
function of.the auditory system. In case of the periodic action of noise (up to 7 h 
per diem) a cumulative effect is observed only after many months and years; 
continuous exposure, on the other hand, gives rise to these effects after only 
10 days. 
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The experimental results obtained showed the need for further research to 
establish rational levels of the constant acoustic background in the spacecraft 
cabin during long flights. 
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For this purpose, in the second series of experiments the action of high- 
frequency noise with a total level of 60-65 dB was studied when exposure was 
continuous for 60 days. These experiments showed that under such conditions 
no significant changes take place in the function of the auditory system. The 
greatest increase in the hearing thresholds was observed in the first few days 
of an experiment lasting up to 60 days. Later, against the background of a cer- 
tain scatter of the thresholds of auditory sensitivity, a tendency was observed 
for them to fall relatively. In the analysis of the results using the method of 
least squares (the relationship y = ax f b), the general tendency of the changes 
in hearing was rendered approximately by a straight line subsequently approach- 
ing the abscissa. The possibility that such reactions of the auditory system 
could take place with a change of acoustic environment, then becoming constant, 
was indicated in 1949 by G.V. Gershuni [4]. The dynamics of auditory sensi- 
tivity in experiments with noise levels of 60-65 dB were indistinguishable from 
the fluctuations in the hearing thresholds in background experiments when the 
intensity did not exceed 35-40 dB. The masking thresholds, the differential 
thresholds for pitch, and the adaptation time likewise did not exceed the ordinary 
physiological changes. As a rule the subjects did not complain of the general un- 
favorable effects of noise with an intensity of 60-65 dB in the periods of sleep 
and rest. The indices of the principal physiological functions were unchanged 
under these conditions [5 ,  8). 

Persons not subjected to any special scrutiny often do not tolerate expo- 
sure to noise of medium intensity in the periods of sleep and rest perfectly 
satisfactorily [2,  6 ,  10 ,  141. For this reason we attributed the results ob- 
tained to the high nervous and mental stamina of the subjects participating in 
these ekperiments. 

On the basis of these investigations we were able to recommend that the 
constant acoustic background for  the spacecraft cabin should not exceed 60-65 
dB for an exposure of up to 60 days [7]. Naturally, no final recommendations 
regarding noise levels can yet be made, for the principal factor of space flight, 
weightlessness, could not be simulated in these experiments for a number of 
reasons. However, on careful analysis, no significant differences were found 
in the ability of the astronauts to tolerate noise in terrestrial experiments and 
during a space flight lasting up to 5 days. 

In spacecraft equipped with special compartments for working, sleeping 
and resting, differential noise levels must be stipulated for each compartment. 
The maximal noise intensity and spectrum in the sleeping and resting compart- 
ments must not exceed our established permissible levels (60-65 dB). In the 
ship's control compartment, where the astronaut must observe the working of 
the navigational Instruments for a few hours, communicate verbally with the 
members of crew, etc. , the noise levels likewise should not differ significantly 
from the parameters given above. When establishing noise levels in the working 
cabins, allowance must be made for the character of the activity and the length 
of time spent there by the astronauts, In the course of a watch lasting up to 4 h, 
the astronaut can evidently be exposed to a total noise level not exceeding 85 dB. 
In the auxiliary compartments which the astronaut visits periodically for short 
times only, higher noise levels can be allowed. 
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Where the intensity of acoustic stimulation exceeds 100 dB, and with allow- 
ance for its amplitude and spectral composition, the use of individual measures 
of protection against noise must be recommended. 

the spacecraft, the astronaut's working capacity will be maintainable at an ade- 
quate level during flights of long duration. 

By establishing correct noise standards for the different compartments of 

Because of the special conditions of space flight, it is not enough to consider 
only the usual basis for establishing physiological and hygienic standards , but in 
addition completely new problems and methods of ensuring acoustic comfort in 
the cabin must be examined. Among the other stimuli informing the astronaut 
about the course of the flight and the state of the external environment during 
space flight, acoustic stimuli Stand out as the most important. Hence, aside 
from the general physiological and hygienic aspect of the noise background, the 
psychoacoustic effects of noise assume special significance. 

As was mentioned above, the main acoustic noise in the cabin during the 
flight as a whole is created by the continuously working assemblies of life-sup- 
porting systems. Their noise is characterized by considerable stability both of 
amplitude and of spectral composition. From the psychoacoustic standpoint, 
this noise has the character of a monotonous, unpleasant stimulus. 

The pronounced cyclic nature and monotony of the stimuli under long space- 
flight conditions favor the predominance of inhibition processes in the central 
nervous system. It would therefore be undesirable to have too low noise levels in 
the cabin, levels described in psychoacoustics as "silence. I' It is necessary to 
stipulate not only the maximal permissible, but also the minimal level of the con- 
stant acoustic background in the cabin, when laying down standards for noise 
during space flights of long duration. Another extremely important task in this 
connection is therefore to exclude the unfavorable physiological and psychoacous- 
tic effects of monotonous noise stimuli of moderate and low intensity. This 
problem has several different aspects, some of which have not yet been fully 
elucidated by research. In our opinion, one of the main problems is that of dis- 
covering the relationship between the amplitude and frequency characteristics of 
noise as a physical parameter and loudness as the expression of the psychoacous- 
tic effect. 
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Subjective perception of the loudness of sounds by the organ of hearing is de- 
pendent not only on the level of acoustic pressure, but also on its spectral com- 
position, as the investigations of Fletcher and Manson, and later, of Robinson and 
Dadson, and other workers have shown. It can be concluded from the results of 
their work that the loudness of pure tones is a direct function of their intensity, 
and in addition, in the range of low and moderate values of acoustic pressure, it 
depends on the frequency of the stimulus. Perception of the loudness of sounds 
with a complex spectrum (as is the case with most real noises) differs from the 
perception of pure tones. Various artificial methods have been used to measure 
the loudness of noise with a complex spectrum Ell-13, 16-20]. These methods 
are  aimed at determining the subjective psychoascoustic effect of a complex noise 
and then working out the principles of standardization. The method envisages de- 
termination of the loudness of the noise in different frequency bands, and sum- 
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mating the values obtained making allowance for differences in perception of 
different frequency components by the organ of hearing and also for the masking 
effect which is invariably present in a complex spectrum. The level of loudness 
is determined for each band from special tables or graphs all 
of curves of W e r e n t  loudness and the width of the filter. 

We consider that by using these methods we can modify the amplitude and 
frequency characteristics of a constant noise background in such a way that, al- 
though the loudness is kept constant, the monotony of the noise can be avoided. 

With these considerations in mind, it has been shown experimentally that a 
noise with loudness of 50-60 phons may be regarded as permissible for space- 
craft cabins. 

for the course 

The system of measures aimed at regulating not merely the maximal per- 
missible, but also the minimal noise levels , together with the development of 
methods of preventing unfavorable psychoacoustic effects arising from long ex- 
posure to continuous acoustic stimulation, must be regarded as a single prob- 
lem: that of creating the optimal acoustic background in the spacecraft cabin 
during space flights of long duration. 

/327 - REFERENCES 

1. Arkad'yevskiy, A.A. Gigiyena i sanitariya [Hygiene and Sanitation], No. 2, 
p. 25, 1962. 

2. Bobin, Ye.V. m, No. 12, p. 19, 1962. 
3, Venttsel', Ye. S . Teoriya veroyatnosti [The Theory of Probability]. 

Moscow. 1960. ~ _ .  . . - -  
4. Gershuni, TG.V. Problemy fiziologicheskoy akustiki [Problems in Physi- 

ological Acoustics]. USSR Acad. Sci. Press, Vol. 1, pp. 3-17, 1949. 
5 .  Zharov, S.G. , Il'in, Ye.A.. et. al. Sb.: Aviatsionnaya i kosmicheskaya 

meditsina [Collection: Aviation and Space Medicine]. Moscow, p. 182, 
1963. 

6. Karagodina, I. L. Gigiyenicheskaya otsenka shchuma v gorodax i yego 
normirovaniye [Hygienic Evaluation of Noise in Towns and Establish- 
ment of Standards for It]. , Candidate Dissertation, MOSCOW, 1962. 

7. Krylov, Yu. V. &, : Problemy kosmicheskoy biologii [Collection: Prob- 
lems in Space :Biology]. "Nauka" Press, Vol. 4, p. 35,2965. 

8. Kuznetsov, A.G., Agadzhanyan, N.A. , g. &. Aviatsionnaya i kosmiches- 
kava m w  [Aviation and Space Medicine]. MOSCOW, p . 318, 1963. 

9. Orlovskaya, E. L . Gigiyenicheskaya odenka i normirovaniye vysokochas- 
totnogo proizvodstvennogo shuma [Hygienic Assessment and Establish- 
ment of Standards for High-Frequency Industrial Noise]. Candidate 
Dissertation, Kiev, 1962. 

10. Skuratova, L.Ya. V kn. : Tezisy dokladov In-ta gigiyeny truda i profzabo- 
levaniy AMN SSSR [In: Transactions of the Institute of Work Hygiene 
and Occupational Diseases]. A.cad. Med. Sci. USSR, Moscow, p. 91. 
1963. 

. .  

11. Beranek, L. 3 .  Acoust. SOC. Amere, Vol. 23, 
12. Beranek, L. Noise Control, Vol. 10, No. 1, 195 
13. Beranek, L. Noise Reduct iu  No. 7, 1960. 

302 



14. Grimaldi, J .V.  National Safetv Newg , Feb. ,  1957, p.  9 .  
15. Konecci, E .B. Adv. Space Sciences, N.-J., 1960. 
16. Stevens, S. J. Acoust. SOC. Amer., Vol. 33, p. 15, 1961. 
17. Slager, U. s p a c e  Med., No. 7, 1963. 
18 .  Niese, H .  Hochfrequenztech. und Electroacustik, Vol. 69, p. 17, 1960. 
19. Zwicker, E. Das Ohr als Nachrichtenempfanger. StUttga&, 1956. , 
20. Zwicker, E .  ,'Frequenz, Vol. 13, No. 8, 1959. 

I303 



AUDITORY FUNCTION IN MAN AFTER A PERIOD OF SEVERAL 
DAYS IN AN ARTIFICIAL ATMOSPHERE 

Yu.V. Krylov 

/327 1 The study of human auditory function under the conditions of a modified - 
gaseous environment is of considerable importance for assessment of the pilot's 
working capacity in air and space flight. 

Investigations by Soviet and other workers have shown that the auditory sys- 
tem is highly resistant to the action of acute hypoxia and of an increased 602 con- 
centration [3, 8, 9, lo]. 

After inhalation of a mixture containing 8-10% 0 2  for a short time, the acuity 
of hearing is only slightly altered, with a tendency to diminish 191. After inhala- 
tion of mixtures with a low oxygen concentration (under 12%) for several minutes, 
no deterioration of hearing was observed. In some experiments an increase in 
the threshold of sensitivity was actually observed at high frequencies. For the 
practical activity of pilots and astronauts it is important to note that loss of hear- 
ing in acute hypoxia arises only as a result of the development of syncope. It may 
be postulated on the basis of the results described that in acute hypoxic states the 
leading role in the mechanism of possible hearing disturbances is played by cen- 
tral (including cortical) divisions of the auditory analyzer, which are most sensi- 
tive to loss of oxygen. 

Because of the steady increase in duration of space flights, the need has 
arisen for the study of adaptation in man during continuous exposure for many 
days to a number of factors, including the artificial atmosphere of the cabin. 
Various authors have expressed the view that changes in the gaseous composition 
of the cabin atmosphere during prolonged space flights have certain advantages 
t6, 71. 

Despite its practical significance, the effect of factors of the artificial atmo- 
sphere of the spacecraft cabin on human auditory function has received very little 
study, so that special investigations in this field are necessary. 

The investigations of auditory function took place in three series, on subjects 
exposed to an artificial atmosphere for periods of 25-30 days. In all series of 
experiments the- hearing thresholds by a i r  conduction were determined at fre- 
quencies of 125, 250, 500, 1000, 3000, 4000, 6000 and 8000 Hz, and the readap- 
tation time at a frequency of 1000 Hz was determined after exposure for 3 min to 
white noise with an intensity of 90 dB. 
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All the techniques used were modified to suit subjects confined for many days 
in a small hermetically closed cabin. The results of investigation of the hearing 
thresholds were analyzed by statistical methods. 



In Series I, when the subjects were kept for many days at a lowered baro- 
metric pressure (380 mm Hg) but with a normal oxygen pressure (150-160 mm 
Hg), the dynamics of auditory sensitivity showed some degree of inconstancy. 
The highest hearing thresholds were found in the first half of the experiment. 
Later, against the background of a constant scatter of thresholds of auditory 
sensitivity, all the subjects showed a uniform tendency toward a relative increase. 
In the analysis of the results by the method of least squares (the relationship 
y = ax + b), the general tendency of the changes in hearing when plotted graph- 
ically approximated to a straight line gradually approaching the abscissa. The 
time of readaptation varied on different days of the experiment from 48-70 to 
110-150 sec. This test is highly labile and no definite trend can be discerned. 
The hearing thresholds in quietness after the end of a long exposure were essen- 
tially indistinguishable from the initial values. Consequently, a stay of many days 
under conditions of a lowered barometric pressure (308 lll~ Hg) but with a normal 
partial pressure of oxygen (150-160 mm Hg) has no significant effect on the audi- 
tory function in man. 

/E 
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Figure. Hearing Thresh- 
old of Subject I Before a 
Stay in a Helium-Oxygen 
Environment (A) and After 
the end of Exposure (B). 
1,2-Right and Left Ears. 

I 
1 

1 In the experiments of Series I1 the subjects 
were kept for 30 days in an atmosphere containing 
from 1 to 2% C02 [7]. No marked changes in the 
dynamics of the hearing thresholds and the readap- 
tation time were observed. However, the tendency 
toward an increase in the hearing thresholds during 
the first 1-6 days of the 30-day stay was very strong. 
The hearing thresholds on the 1st day of the experi- 
ment, for instance, were 15-17 dB higher than those 
on the 21st-22nd days of exposure. Signs of fatigue 
of hearing were detected in these subjects after the 
end of the experiment. Hence, a stay of 30 days in 
an atmosphere with a C@ concentration of between 
1 and 2% had no adverse effect on the human audi- 
tory analyzer. 

In the experiments of Series III the auditory function was studied in subjects I I iafter a stay of 25days in a helium-oxygen atmosphere. In this series the maximal 
increase in hearing thresholds was found when the subjects were transferred from 
the normal atmosphere to one of helium and oxygen. The variations in hearing 
thresholds on different days of the experiment did not exceed the normal physio- 
logical range. The readaptation time varied from 40 to 180 see. After the end 
of the experiments the hearing thresholds in quietness practically coincided with 
the background data. It may therefore be concluded that a stay in/a helium-oxygen 
atmosphere has no specific effect on the human auditory analyzer (figure). 

I The elevation of the hearing thresholds on the first days of an experiment 
lasting many days may be regarded as an initial adaptive response of the auditory 
analyzer to new and unusual influences. A sudden change from the ordinary en- 
vironment to existence in an artificial atmosphere is accompanied in man by mod- 
ification of many previously established and stable habits. These conditions make 
fresh demands on the body and, in particular, on the higher levels of the central 
nervous system and the analyzers, and they give rise to corresponding adaptive 
reactions, often of a nonspecific character. For instance, in our experiments 

/330 - 

305 j 



very different atmospheric factors (a lowered b 
C02 concentration, replacement of the nitro 
evoked the same type of response of the aud 
the thresholds of hearing observed in all series o the second and 
third week expresses, in my opinion, successful adaptation of the body to the new 
conditions. 

However, we observed this type of stabilization of the auditory function only 
during exposure to conditions producing no essentially adverse effects. An ex- 
tremely interesting phenomenon is the relative sensitization of hearing observed 

1 in the second half of these experiments lasting many days. The mechanisms of 
these phenomena encountered in the course of dynamic audiometry performed on 
subjects kept for long periods in small, hermetically sealed cabins are a matter 
for conjecture. It is hardly likely that the increase in excitability of the central 
portions of the auditory system lying at the basis of sensitization was due in our 
experiments to the strengthening of excitatory processes in the cerebral cortex. 
It has been shown in man that a prolonged stay under conditions of a lowered bar- 
ometric pressure and an increased carbon dioxide concentration causes depression 
of the a-rhythm of the EEG, a decrease in its amplitude, and the appearance of 
diffuse slow waves [7]. , These features are observed with the intensification of 
inhibition in the cerebral cortex. During cortical inhibition de-inhibition of the 
subcortical centers takes place. It may be postulated that the increase in auditory 
sensitivitiy in the second half of an experiment lasting many days is associated 
with adaptive and trophic influences on the auditory centers. However, these 
matters require special analysis. 

Many outhors [2, 4, 5, 101 consider that changes in the readaptation time 
are dependent primarily on the state of the cortical parts of the auditory system. 
The intensification of cortical inhibition in the second half of the experiments was 
therefore evidently responsible for prolonging the readaptation time. 

The fluctuations in auditory sensitivity and the changes in adaptation of hear- 
ing discovered in these experiments demonstrate the considerable powers of ad- 
aptation of the auditory analyzer in man during a stay of many days in an artificial 
atmosphere. 
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BIOLOGICAL ACTION OF INTENSE WIDE-BAND NOISE ON ANIMALS 

V.I. Ponomar'kov, A. Yu. Tysik, V.I. Kudryavtseva, A.S. Barer, 
V.K. Kostin, V.Ye. Leshchenko, R.M. Morozova, 

L. V. Nosokin, and A.N. Frolov 

Many experimental studies of the effect of sound on man and animals have /331 
now been made [1-7]. 

For the most part these investigations have dealt with the effect of pro- 
longed exposure to sound of comparatively low intensity and narrow spectrum on 
the organ of hearing and on conditioned-reflex activity. They are undoubtedly of 
considerable practical importance, although they deal mainly with purely clinical 
and physiological aspects of the problem. Another no less important aspect of 
this problem, its pathomorphology, has so far been inadequately studied. The 
literature contains only isolated references to the considerable pathomorpho- 
logical changes in the internal organs of animals (cerebral hemorrhage, changes 
in the nerve cells, necrobiotic changes in blood vessel walls, and so on) re- 
sulting from repeated exposure to intense sound (up to 130 dB) 151. 

wide-band noise of short duration'and with an intensity of up to 155 dB on dogs. 
Particular attention was paid to pathomorphological changes in the respiratory 
system. In addition, however, the character of changes in the electrocardio- 
graph (ECG) , the electroencephalogram (EEG) , and respiration rate was studied. /332 
The intensity af the sound for exposures of 0.6 and 3.5 sec ranged from 105 to 
155 dB. The animals were placed with their backs toward the source of the sound. 

The object of the present investigation was to study the biological effects of 

The animals were sacrificed 1.5-2 h after exposure by intravenous injection 
of hexobarbital, exsanguination, and other methods, and autopsied. At autopsy 
on the animals exposed to sound with an intensity about 126 dB, hemorrhages up 
to 3 mm in diameter were found in the lungs, where they were located beneath 
the pleura in the form of convex vesicleg (Fig. 1). The hemorrhages were 
monest on the costal surface of the upper lobe of the right lung. 

With an increase in the intensity of the noise the pathological changes in the 
lungs became more severe: the number and extent of the hemorrhages and em- 
physematous areas increased, and the emphysema became confluent in character. 
Despite the increase in sound intensity, the hemorrhages never, however, ex- 
ceeded 3 mm in diameter. 

- Microscopic examination of sections of lung tissue with hemorrhages fre- 
quently showed .rupture of the capillaries and larger blood vessels (Fig. 2). 

However, the appearance of hemorrhages was preceded by emphysema of 
the peripheral portion of the lung tissue, and after exposure to sound of intensity 
greater than 130-135 dB, the hemorrhages also appeared on the lateral surface, 
giving them a nodular appearance (Fig. 3). 
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Figure 1. Petechial Subpleural 
Hemorrhages in the Left Lung 

(Noise Level 140 dB). 

Figure 2. Focal Collection of 
Recently Exuded Blood in Lung 

Tissue. Noise Level 150 dB 
(Hematoxylin-Eosin). 

Figure 3. Acute Emphysema of 
the Lung. Noise Level 135 dB. 

Figure 4. Microfocus of Emphy- 
sematous Lung Tissue. Noise 
Level 135 dB (Hematoxylineosin). 

Microscopic examination of the em- 
physematous areas revealed f oca1 en- 
largement of the alveoli, stretching of the 
connective-tissue structures of the alveolar 
walls, and compression of lung tissue 
(Fig. 4). 

No pathological changes could be 
found in the other internal organs and in 
the inner ear at autopsy. 

- /333 

Analysis of the electrophysiological 
data revealed no structural disturbances 
in the ECG complexes o r  in the EEG re- 
lated to the intensity or duration of acous- 
tic stimulation. The heart rate during the 
first few seconds after exposure increased 
by 120-130 beats/min, and returned to the 
initial level during the next 15-40 sec. 

In every case respiration became 
slower and irregular for 1 min immedi- 
ately after exposure. The respiration 
rate returned to its initial level 10 min af- 
ter exposure. 

Observations on the higher nervous 
activity of the animals showed that the or- 
ienting, food-defensive, and other reflexes 
were fully preserved after acoustic stimu- 
lation. 

To study the dynamics of regression of the pathological changes in the lungs, 
some animals were autopsied at different times after exposure (3, 6 ,  15 ,  30, and 
60 days). As a rule, in animals sacrificed under 15 days after exposure to acous- 
tic stimulation, signs of an acute perifocal inflammatory reaction were found. 
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Absorption of tbe exuded blood was complete during the second month of obser- 
vation. No evidence of regression of the acute emphysematous changes could be 
seen throughout the period of observation. 

Hence, this investigation showed that the threshold of pathological action of 
wide-band noise lies within the range 126-130 dB. As  morphological criteria of 
the pathological action of sound, signs of acute emphysema and the presence of 
hemorrhages were used. 

The localization of the pathological changes in the lungs may evidently be 
determined to some extent by their anatomical structure. The lungs, as a sys- 
tem open to the external environment, are subjected to the greatest influence of 
changes in pressure in this medium. Depending on the magnitude of the pressure 
differential created by sound in the lungs during its transformation, and on the 
threshold of resistance of the lung tissue to pressure changes, the severity of 
the lung lesions gradually increases. 

However, this view of the pathogenetic effect of sound on the lungs requires 
further study. 
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EFFECT OF SOUND ON ADRENOCORTICAL AND THYROID FUNCTION 
AND HIGHER NERVOUS ACTIVITY OF ALBINO RATS 

T.S. Barutkina, T.T. Zarubaylo, M.I. Mityushov, A.N. Panov, 
V. V. Rakitskaya, and Ye. V. Sokolova 

/334 A combination of the action of physical factors of flight with nervous and - 
emotional stress is bound to produce neuro-endocrine changes. 

One manifestation of the adaptation syndrome is a change in function of the 
pituitary-adrenal system. Disturbance of its activity through exhaustion follow- - /335 
ing prolonged application of stressor stimuli may lower the body's resistance to 
the action of unfavorable factors, notably to the factors of space flight. In many 
published reports data are given for changes in pituitary, adrenal and thyroid 
functions under the influence of various stressors. However, we know of no 
investigations to compare the functional state of the pituitary-adrenal system 
and thyroid gland during stress with the activity of the nervous system. 

In this paper we describe the results of an experimental study of the effect of 
sound on adrenocortical and thyroid function and on the higher nervous activity of 
albino rats. An acoustic stimulus was chosen as stressor for two reasons. 
First, sound is readily applied in accurately measured intensity, frequency, and 
duration of action. Second, sound is a physical factor inevitably encountered in 
actual space flight. 

Our experiments were carried out in the autumn and winter on Wistar albino 
rats weighting 150-210 g. An acoustic stimulus from a type ZG-10 audiofrequency 
generator, with a frequency of 650 Hz, intensity 70 dB, and duration 17 sec, was 
applied every 13 sect The duration of acoustic stimulation varied from 1 hr to 
14 days. 

RESULTS AND DISCUSSION 

Effect of Sound on Adrenocortical Function. The data in the literature re- 
lating to the effect of sound on the pituitary-adrenal system are contradictory, 
evidently because of differences in the technical conditions used in the experi- 
ments (different sources of sound, the frequency characteristics, intensity, and 
duration of action of the stimulus were not always determined, and so on). For 
instance, Anthony and Babcock [ll], who used sound with an intensity of 110-140 
dB and with frequencies of between 150-4800 Hz and between 10,000 and 20,000 
Hz for 5 min, as a single exposure or daily for 4 weeks, found no changes in the 
cholesterol content in the adrenals or in their weight, and no changes in concen- 
tration of the plasma electrolytes. Duncan [14] observed changes in the content 
of corticosteroids and the ascorbic a d d  concentration in the adrenals after ex- 
posure to a bell for 1 min. 
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Changes in adrenocortical activity indicating activation of the pituitary- 
adrenal system under the influence of acoustic stimulus have been found by several 
other investigators [13,16,17]. 

In our experiments we judged adrenocortical function by the content of 
cholesterol and ascorbic acid in the adrenal cortex, changes in the weight of the 
gland, and synthesis of corticosteroids during incubation of the gland in vitro. 
Ascorbic acid was determined by the method of Roe and Kuethner as modified by 
A. D. Ryzhova 81, cholesterol by the method of M. I. Prokhorova and Z N. 
Tupikova [7], and synthesis of corticosteroids by adrenal slices by the method of 
Van der Vies [MI, with certain modifications. 

/336 

The results of experiments to determine the state of adrenal function are 
summarized in Table 1. They show that exposure to the sound used in these ex- 
periments for 1 h had no immediate effect on adrenocortical function. After ex- 
posure to the stimulus for 3h, the ascorbic acid concentration in the glands fell. 
Exposure to acoustic stimulation for 6 h reduced the concentration of ascorbic 
acid and cholesterol. After exposure to sound for 12 h, 24 h, and 3 days, only 
the cholesterol concentration was reduced. Stimulation for 12 h was accompanied 
by hypertrophy of the adrenals also. The adrenal function of animals exposed to 
acoustic stimulation for 8 days was indistinguishable from normal. The absence /337 
of changes in adrenal activity in response to acoustic stimulation in this casecan- 
not be explained by exhaustion of the glands, because injection of adrenocortico- 
tropic hormone 3 h before the end of the 8-hour experiment lowered the ascorbic 
and cholesterol concentrations in the adrenals just as in intact animals. 

The dynamics of changes in ascorbic acid and cholesterol concentrations in 

Production of corticosteroids during incubation of adrenal slices under these 

the adrenals during acoustic stimulation is shown in Fig. 1. 

experimental conditions was unchanged. It is interesting to note that in experi- 
ments performed in the summer, but not included in this paper, an increase in 
synthesis of corticosteroids in vitro was observed after exposure to sound for 6 
and 12 h. 

Hence, like other investigators, we observed changes in adrenal functions 
under the influence of sound. Under the experimental conditions used, applica- 
tion of the acoustic stimulus for 3 h activated the adrenals, the effect reaching 
its maximum after 6-12 h. Absence of appreciable changes in adrenal activity 
after application of acoustic stimulation for 8 days may evidently be attributed to 
adaptation of the animal to the action of sound, 

Effect of Sound on Thyroid Function. In an investigation by Yu. B. Skebel' 
skaya 191, the action of acoustic stimulation on thyroid function was studied (a 
loud electric bell was used, but no indication of the absolute intensity of the 
sound is given). This investigator states that a single exposure to the bell for 
2 min causes changes in the histological pictme of the gland capable of interpre- 
tation as stimulation of its activity, Application of this stimulus daily for 9 days 
caused marked inhibition of thyroid function. 

During the action of combined stimuli (acoustic and photic) for 5 min every 
hour and during a single daily exposure to acoustic, photic, and electrodermal 
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TABLE 1, Effect of Acoustic Stimulation on Adrenocortical 
Function of Albino Rats 

1 h 

3 h 

6 h 

1 2  h 

1 day 

3 days 

C 21.9$1.74 (9) 7.6~1.10 (5) 

c 19.0F0.79 (io) 9.7rf0.60 (5) 

C 14.8~0.61 (9) 7 ,870 .44  (4) 

C 21.op.39 (IO) 10.3~1.36 (5) 

,C 24.2rfo.97 (15) i o . i ~ o . 7 0  (IO) 

C 24.2~1.49 (IO) 12.0~0.81 (10) 

E 22.5F1.70 (10) 8.6F1.29 (5) 

E 16.6rf0.84 (IO) 9.5F0.57 (5) 

/E 16.2T0.66 (IO) 8.9T1.13 (5) 

E 30.5rf2.08 (IO)** 9.6F1.81 (4 )  

E 25.0If1.92 (14) 8.871.25 (10) 

[E 25.7If1.44 (IO) lO.OF0.96 (IO] 

413rf11 (9) 
319T14 (IO)** 

-_ I -- r -. 

4.4F0.35 (10) 
3.2T0.33 (IO)* 

3S6F-18 (4) 
384rf27 (5) 

4267 9 (17) 
383721 (17)* 

495T18 (10) 
475T21 (IO) 

43ST13 (IO) 
432rf15 (10) 

440F23 (5) 
393rf16 (5)* 

3.7+0.40(10) 
2.7F0.59 (IO)** 

3.7rf0.17 ( I O )  
2.9F0.12 (io)** 
3.51f0.20 (IO) 
3.5F0.25 (IO) 

3.7rf0.19 (4) 
4.3T0.27 (5) 

8 days 

4.1J0.13 (5) 
4.5+0.38(5) 

C 26.orfo.45 (20) 11.4~0.47 (IO) 
E 27.0T0.73 (20) 11.9rf1.06 (IO) 

4121f13 (17) 
335716 ($8)*' 

3.6F0.26 (18) 
2.3T0.19 (IS)** 

Note: Number of Experiments in Parentheses; C Denotes Control, 
E Denotes Experimental Animals. 

stimulation for 5 min, thyroid function was found to be increased. Later it re- 
turned to its initial level, and on the following days the activity of the gland was 
inhibited [lo]. 

Daily exposure for 15 days to the alternate action of a loud noise (bell, 
buzzer) and to a light (150-W lamp) inhibited thyroid function [4]. 

Two indices were used to assess thyroid function in our investigations: the 
level of protein-bound iodine in the blood plasma (PBI) and the histological pic- 
ture of the thyroid gland (height of the follicular epithelium and character of the 
colloid), 

as  modified by T. F. Komarma, D. S. Tendler, and Ye. V. Sokolova [3]. In the 
histological investigation the thyroid was fixed in Bouin's fluid and embedded in 
paraffin wax. Sections were cut to a thickness of 5-61.1 and stained by Heidenhain's 

The PBI level was determined by the method of Barker and co-workers 1121 
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Figure 1. Dynamics of Changes 
in Ascorbic Acid (1) and Choles- 
terol (2) Concentrations in Adre- 
nals of Rats During Action of 

Acoustic Stimulation. 

method. To determine the mean height of 
the thyroid epithelial cells, the height of the 
cells was measured in sections passing 
through the center of the gland by means of 
an ocular micrometer with an immersion 
objective 9Ox. Altogether 500 cells were 
measured in each gland. The results of the 
measurements were analyzed by statistical 
methods. 

For a period of 4-7 days before the 
series of experiments began the rats were 
placed in a room in which the temperature 
was ma@tained at 18-20". Acoustic stimu- 
lation lasted for 6-12-18 h and 1, 3, 7, and 
14 days. From 5 to 10 experimental and 
control animals were used for each period 
of exposure. The plasma PBI level in the 
rats exposed to sound for 12 and 18 h was 
the same as in the control animals. In the 
histological picture of the thyroid gland only 
a slight increase in height of the follicular 
epithelial cells with widening of the zones of 
colloid resorption and the appearance of 
interfollicular droplets were observed. 

Application of the acoustic stimulus for 24 h caused a more distinct and 
varied effect. As  may be seen in Table 2, iri four of five experiments a signifi- 
cant increase in the PBI level was observed. In the first two experiments the 
height of the follicular epithelium was lowered. Demarcation into peripheral and 
central parts in relation to size of the follicles and of the epithelial cells lining 
them was sharper in these sections than under normal conditions. The follicles 
in the parenchyma were mainly regular and oval in shape, and were filled with a 
thick, sometimes stratified colloid. The follicular epithelial cells were low- 
cubical or  flattened in shape. Their mean height was 7.97 & 0.048 p,. Very few 
undifferentiated interfollicular islets were present, and there were no signs of 
proliferation of the parenchyma. In the other three experiments no histological 
changes were observed in the thyroid gland. 

/339 

Acoustic stimulation for 3, 7, and 14 days had no demonstrable effect on 
thyroid function. 

The fact was noted that changes in the indices used to reflect thyroid activity 
give conflicting information concerning its state. Whereas the raised plasma PB? 
level indicates activation of the gland, the reduced height of the follicular epithe- 
lium is evidence of inhibition of.its function. It will be noted that the use of dif- 
ferent criteria for assessing thyroid function, judging by data in the literature, 
does not always give corresponding results [ l o ,  153. This is particularly true 
when the morphological picture of the thyroid is compared with other indices of 
its functional state. 

However, despite the lack of uniformity in the results of our experiments, 
it can evidently be concluded that prolonged exposure to acoustic stimulation of a 
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TABLE 2. Changes in Thyroid Function Following Acoustic 
Stimulation for 24 h 

Commas represent decimal points. 

certain intensity modifies thyroid function. Exposure to sound for 6, 12, and 18 
h clearly proved to be a comparatively mild stimulus, causing no distinct changes 
in thyroid activity. Exposure to sound for 24 h caused an increase in the plasma 
PBI, indicating increased thyroid function. The decrease in height of the follic- 
ular epithelium in these experiments may be attributed to increased secretion 
of hormone into the blood stream, evidence of which is given by the elevation of 
the PBI level. The absence of marked changes in thyroid function as a result of 
the action of the acoustic stimulus for 3, 7, and 14 days may be explained by 
adaptation of the animal to this stimulus. 

An increase in the intensity of the stimulus could possibly give rise to a 
third phase-a phase of inhibition of thyroid activity. 

Effect of Sound on Higher Nervous ActiviQ. Experiments were carried out 
on a separate grodp of rats consisting of 9 animals, usin the motor electrode- 
fensive technique of A.B. Glebovskiy and V.K. Fedorov B 21. A bell was used as 
conditioned stimulus. The scheme of the experiment was as follows. In the first 
experiment the animals were first taught to turn to the right in a maze. After 
they had done this five times in succession without a mistake, the direction of 
turning was modified. The experiment ended as soon as the rats turned to the 
left five times in succession. The next experiment began with the rats turning 
to the left and ended with them turning to the right. This continued thi-oughout 
the period of investigation. The state of higher nervous activity was judged from 
the latent period of the motor response, i. e. , the time from the beginning of ac- 
tion of the bell until the rat left its circle, the time taken to run through the maze, 
and the number of mistakes made by the animal during initial learning and mod- 
ification of the procedure. 

The effect of sound was studied three weeks after the beginning of work with 
the animals, when the indices to be investigated had become constant. 

To judge the changes produced by acoustic stimulation, we compared the 
latent periods, the times taken to run through the maze, and the number of mis- 
takes at three time intervals: 7 experiments before the beginning of acoustic 
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stimulation, 7 experiments during acpustic stimulation, and 6 experiments after 
its end. Every day the mean values of these indices were calculated for all 9 
rats. The results obtained are given in Table 3, 

TABLE 3. Effect of Acoustic Stimulation on Some Indices of 

Time Taken 1 
to Run Througq 
Maze. . . . . . .I 

Conditioned-Reflex Activity __ of Rats 
8 

Period of Investigation 

7,7fi,06 10,7-+0,88 8,2f0,64 O,i>P>O,o! 0.1 > p >  0.05 

Commas represent decimal points. 
As the results show, under the influence of sound the latent period of repro- - /341 

duction of the movement was lengthened, and the time taken to run through the 
maze showed a tendency to increase. The temporal characteristics were modi- 
fied under the influence of sound in practically all the animals, but a very slight 
increase in the number of mistakes during reproduction of the movement was 
observed in only some rats. We consider that the lengthening of the temporal 
indices is evidence of a state of inhibition in the animals arising under the in- 
fluence of acoustic Stimulation. 

In some animals the number of mistakes was increased during the first day 
after discontinuing the sound, possibly indicating adaptation of the animals to this 
stimulus. 

The very slight changes in higher nervous activity which we observed under 
the influence of acoustic stimulation are  not in agreement with the conclusions 
reached by other workers [l, 5, 61, who found a decrease in magnitude of con- 
ditioned reflexes, or their actual disappearance sometimes for long periods, after 
acoustic stimulation of short duration. The main causes of the discrepancy, in 
our opinion, are: first, differences in the duration and intensity of the stimuli, 
and second, the fact that the authors cited used a bell as the acoustic stimulus. 
This stimulus,. which acts specifically on the auditory analyzer of rats, causes 
the-m to develop convulsions. In Pavlova's experiments, marked changes in 
higher nervous activity were observed in rats giving a motor response to ringing 

I of abell. Monayenkov [5] also describes the variation in changes in higher ner- 
vous activity observed among animals "sensitive" and "insensitive" to the ringing 
of a bell. Wistar rats do not possess specific sensitivity to ringing. To a con- 
siderable extent the discrepancy between our findings and those described by the 
authors cited above may be attributed to different techniques used for studying 
higher nervous activity. All these authors used Kotlyarevskiy's motor-food method, 
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EFFECT OF HYPODYNAMIA ON NITROGEN METABOLISM AND 
IMPORTANCE OF GRADED PHYSICAL EXERCISES FOR 

MAINTENANCE OF THE NITROGEN BALANCE 

Yu. K. Syzrantsev 

Metabolic studies in man during hypodynamia are of great importance for 
their practical application to space flights. 

Under terrestrial conditions weightlessness can be simulated approximately 
by confining the subject strictly to bed or by immersing him in water. These 
conditions give rise to the hypodynamic and circulatory effects of weightlessness. 
The state of the body functions during hypodynamia has been studied in a number 
of investigations by Soviet and Western workers 11, 2, 5-9, 14, 18, 19). 

A consideration of the physiological changes as a whole produced by hypo- 
dynamia shows that the body's functional reserves are lowered. Most workers 
consider that the main cause of these changes is the decrease in muscular activity, 
for similar changes in bodily responses can be obtained not only when the subject 
is strictly confined to bed, but also when he is placed in a confined space or in an 
armchair [3, 16, 171. 

Serious attention must be given to metabolic studies in subjects under con- 
ditions of limited mobility a d  increased muscular activity. It is well known 
from clinical observations that prolonged immobilization, on account of various 
lesions of the bones and joints, or application of plaster casts for long periods 
leads to muscle atrophy. 

It has been shown that during immobilization of muscles the total nitrogen 
content of the muscle tissue and the content of myofibrillary proteins are 
lowered 1153. In a nonworking muscle both quantitative and qualitative changes 
take place in the composition of the proteins: the content of the water-soluble 
protein fraction and of myosin is reduced, the muscle fibers become thinner, 
and the content of connective-tissue proteins increases [12]. Some increase is 
found in the activity of the muscle proteolytic enzymes of the limbs during their 
immobilization [ 43. 

- /343 

In a survey of hypodynamia, Lawton [ lS]  reports an increase in excertion of 
total nitrogen by healthy persons immobilized in a plaster spica extending from 
mid-abdomen to the toes. In human subjects immersed in water, considerable 
biochemical changes were observed during the first three days of the experi- 
ment: polyuria, increased excretion of total nitrogen and of certain electrolytes 
in the urine, and an increase in total protein, albumin, y-globulin and 17-hy- 
dr_oxycorticosteroids in the blood [14]. 

Physical exercises under hypodynamic conditions have been shown to in- 
crease the functional capacity of the body, to restore equilibrium of the funda- 
mental nervous processes and autonomic functions, and to improve tissue 
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metabolism [9, 111. In the course of physical training, the protein mass of the 
trained muscle increases, and this is accompanied by increased resynthesis of 
contractile proteins and increased working capacity of the muscle [13]. The study of 
the composition of the body after physical training shows that the proportion of 
the muscle component is increased or remains at the previous level depending 
on the extent of the physical exertion. If the changes produced by hypodynamia 
are examined, the question of the extent of the physical training required for 
prevention of atrophy naturally arises. Lawton [l8] considers that the critical 
intensity of training is one-third of the maximal muscular force; to maintain 50- 
80% of the initial power, exertion of this magnitude should be given once every 
week. 

The object of the present investigation was to study changes in the nitrogen 
metabolism of human subjects in hypodynamia, with or without the use of pro- 
grams of physical exercises. Young, healthy subjects were used. Muscle ac- 
tivity was restricted by confining the subjects strictly to bed, by immersing them 
in water, and by isolating them in a confined space. 

The diet given corresponded to the energy expenditure of the body under 
these conditions and was as far as possible standard in each series of experi- 
ments: the protein content was identical in the control period and during hypody- 
namia. The actual food consumption during hypodynamia was somewhat smaller 
than in the control. The range of muscle activity was controlled by the need to 
move when taking food, by attending to natural wants, and by carrying out the 
research program: recording the ECG, collecting samples of air and blood, and 
so on. The end products of nitrogen metabolism were studied in the 24-hour 
specimen of urine: the total nitrogen, urea nitrogen, nitrogen of ammonium 
salts, nitrogen of free amino acids, creatinine and creatine. 

/344 - 

Altogether 19 experiments were performed on 19 subjects. Depending on 
the character of the procedures, the experiments may be divided into five 
groups. 

InGroup 1 the state of the nitrogen metabolism was investigated in hypody- 
namia produced by strict bed rest. A special armchair made it possible to keep 
the body in the horizontal position with maximal relaxation of the muscles. Hy- 
podynamia continued for 8 days. 

InGroup 2 the effects of hypodynamia were investigated on subjects immersed 
in water in a special tank. The position of the body was horizontal. The duration 
of hypodynamia was 8 days. 

InGroup 3 the effects of hypodynamia combined with a limited program of 
physical exercises were studied. The subjects were kept in a confined space in 
semirecumbency. Twice a day they performed exercises against resistance 
created by rubber shock absorbers. The energy requirement of the physical 
exertion was 100 kcal. The experiments continued for 1 0  days. 

In the experiments of Group 4 the effects of confinement in a somewhat 
larger space ( a pressure chamber) for 30 days were studied. Two subjects were 
allowed greater freedom of movement, and twice a day they carried out a program 
of physical training consisting of dynamic exercises combined with static exer- 
tion. The energy requirement of training was 150-200 kcal. 
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total nitrogen in the 
amia combined with 

with varied energy requirements are given in Table 1. 

TABLE 1. Excretion of Total Nitrogen (in g/day) Depending od 
Motor Activity* 

Experimental Conditions l i F 5  I 

. . . . . . . . . . .  *I Bed Rest 
Immersion in Water. . . . .  
In Confined S ce 
with Physica? 
Exercises.. . . . . . . . . . .  
In Pres ure Chamber'gvith 

p d  R p t  @h 
- onsi era e Physical I 
Physical Exercises . . . . .  

12,7f0,56 
12,1*0,36 

14,5&0,69 

13,5f0,57 

12 
8 

10 

8 

15,7f0,52 
15,8f0,64 

17,4 f 0.68 

35,4-+0538 

59 
-24. 

. 29 

52 

0,001 
0,001 

0,00f 

0,02 

. . . . . . . . . . . .  Exertion ... 

*The experiments were performed by V. N. Slesarev. The 
programs of physical exercises were compiled by V. V. Bozhanov 
and V.I. - .- Stepantsov. 

Commas represent decimal points. 

This table shows that the nitrogen excretion was considerably increased in 
these experiments ,except in. Group 5: in this group the nitrogen excretion by the 
subjects remained practically unchanged. 

The greatest nitrogen losses were found in the1 experiments of Groups 1-3. 
The increase in nitrogen excretion under hypodynamic conditions in the experi- 
ments of Groups 1-3 was' 20-25%. Physical exercises reduced the nitrogen ex- 
metion, and the greater the energy expenditure and the more varied the physical /345 
exertion, theagreater this reduction was. 

increased nitrogen excretion in the urine was observed not 
three case in Grave 
The c present for a 1 

The results obtained are in agreement with data in the,literature, although 
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The greatest. excretion of 
ment. In the tests in the pr 
cretion was observed in one s 

The next step was to det , jects of Group 3. The dyna 
of the subjects may be see 

Indices , I& 1 2nd 
Nitrogen Excretion, g : 12,7 11.6 
Nitr gen Intake with Fo 8 g . . . . , , . . , . 15,8 
BafaAce . . . . . . . . . . -?,3 +4,2 

12,4 

h d - 1  4th 1 5th 16th 1 7th 1 8th 

26,9 17.4 15,4 19,1 1 3 8  19,6 

16,8 15,8 45,6 14,3 13,3 14,3 
--10,1 -1,6 +0,2 -4,8 -0,3 -5,3 

It may be concluded from analysis i of this table that excretion of nitrogen 
takes place irregularly on different days (see 3rd, 6th, 8th days), and through- 
out the experiment as  a whole the nitrogen balance was negative. Similar re- 
sults for the state of the nitrogen balance were obtained with three subjects of 
Group 1. A noteworthy feature was the considerable increase in nitrogen ex- 
cretion on certain days of hypodynamia (26.9 g). 

Values of nitrogen excretion such as these may be observed clinically in 
patients with traumatic injuries (fracture of the femur , etc. ) . However, when 

the effects of immobilization of the patient has evidently not been considered. 
/346 interpreting this considerable in'crease in nitrogen catabolism during trauma, - 

Determination of the qualitative indices of protein metabolism (urea nitrogen, 
nitrogen of free amino acids, ammonium nitrogen, creatine and creatinine, and 
uric acid) revealed changes in the course of nitrogen metabolism during expo- 
sure to hypodynamia. The appearance of creatine and an increase in the excre- 
tion of creatinine were noted. The content of urea and free amino acids in the 
urine also increased. Neither the excretion of ammonium nitrogen nor Hassel- 
bach's coefficient -was increased, indicating that the biochemical mechanisms 

fixation were undistu 
iterature regarding c 

of hypodynamia: an increase in nitrogen excretiofi in the urine and a negative . 
nitrogen balance, evidently on account of muscle atrophy. They also indicate a 
decrease in protein resynthesis in the body. 

The results of this investigation confirm 
s in protein metabolism under the influence 

The increased nitrogen excretion corresponds to the lowered functional 
powers of the bady under hypodynamic conditions. 

I 320 \ 



It can be apsumed that under the conditions of prolonged weightlessness, 
when proprioception of the locomotor apparatus and interoception of the internal 
organs are modified, the changes in protein metabolism will be still more pro- 
found and the protein loss by the body will increase. In addition, the factor of 
nervous and mental stress to which the astronaut is exposed in space flight 
cannot be ign.ored. We now know that during intensive nervous and mental activity, 
man requires-a larger intake of essential protein. Probably the nitrogen excre- 
tion rises under these circumstances more than during hypodynamia. The re- 
sults of the present investigation show that a program of physical exercises with 
an energy recjyirement of 400 kcal is an effective means of maintaining the body 
protein. 

/347 

However, physical exercises are not the only prophylactic measure for 
maintaining the working ability of the body at a high level during prolonged flights. 
A diet with a high content of essential protein and vitamins, and especially of the 
vitamins concerned with amino acid metabolism (folic acid, pyridoxin, cobala- 
mine), and other food substances is no less important. Another problem re- 
quiring analysis is the use of pharmacological agents possessing anabolic action. 
Among these drugs, those which merit attention are  the structural analogs of the 
glucocorticosteroids-the androgens (for example, Nilevar , a synthetic andro- 
gen), which promote protein synthesis nonspecifically in all organs. 
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EFFECT OF QUALITATIVE DIFFERENCES IN DIET ON 
METABOLISM JN ZllYPODYNAMIA 

Yu.F. Udalov, R.V. Kudrova, M.I. Kuznetsov, P.O. Lobzin, V.A. 
Petrovykh, I. G. Popov, I.A. Romanova, Yu.K. Syzrantsev, 

A.M. Terpilovskiy, L. N. Rogatina, and Ne A. Chelnokova 

The study of metabolism under hypodynamic conditions is of considerable 
importance for the assessment of dietary requirements for space flight, because 
the possibility of maintaining movement at the normal terrestrial level is na- 
turally limited by the size of the spacecraft. 

Interest in this problem for space biology and medicine is also determined 
by the fact that a period of hypodynamia, especially in a strictly horizontal po- 
sition, is one method used to simulate the action of prolonged weightlessness on 
the cardiovascular system. 

/348 

The results of experiments to study metabolism under hypodynamic condi- 
tions have been published in the literature [l, 3, 5, 61. From these results it 
is impossible to formulate in a definite manner the main dietary requirements 
because metabolism was studied without paying strict attention to the food value 
of the daily ration. Nevertheless, the solution of these problems is of definite 
theoretical and practical significance. 

sumption, low mobility, and high nervous and mental strain. 

qualitatively different diets in hypodynamia, it was decided to study this prob- 
lem. 

Activity of spacecraft crew members is characterized by low energy con- 

Since ipsufficient attention has been paid in the literature to the effect of 

Seven experiments were performed on six healthy men aged 21-26 years, 
each experiment consisting of two stages: control (3-8 days) when there was no 
restriction on movement, and a period of hypodynamia lasting seven days. Hy- 
podynamia was produced by keeping the subjects in a strictly horizontal position. 
The microclimate in the room was kept close to comfortable conditions for a 
lightly clad person at rest. To eliminate neuropsychic stress the subjects were 
not isolated, and this made it more convenient for studying metabolism and for 
strict control over the food and water consumed. 

The investigations can be divided into two groups depending on the composi- 

The first group of observations was made on subjects receiving a diet similar /349 

tion and food value of the diet. 

to normal in its content of the principal as  assimilable substances and calorific 
value, with an adequate content of mineral substances, but slightly deficient in 
vitamins (except for vitamin C).  Proteins of animal and plant origin were pro- 
vided in this diet, and the assimilability of the diet was normal. 
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The second stage of the investigations was carried out on subjects receiving 
a diet closer to the basal metabolic rate in calorific value. The protein content 
of this diet was approximately half that of the first, but the protein was purely 
of animal origin, ensuring that the relative propo 
were as close to optimal as possible [a]. The fo 
shown in Table 1. 

TABLE 1. Food Value of Diet Actually Consumed by 

First. . . . . . 
Second*. . . . . 

Subjects when Kept Under Hypod 
(Mean Daily Consum 

120,3 
70 

I 

101,O 84 
68 I 98 

iamic Conditions 
ion) 

>ontent of (in g 

101,2 
87.1 

- 

3 

$ 
Ed 
k 
Tu 

Pk 
cd u 

297,2 
266,O 

*The following supplements were added daily: vitamiq A 
4 mg, ascorbic acid 200 mg, rutin 100 mg, thiamine, riboflavin, 
an3 folic acid 4 mg each, pantothenic acid 20 mg, nicotinamide 
3G mg, cyancobalamine 50 pg, a-tocopherol 50 mg. 

Commas represent decimal points. 

Another distinguishing feature of the second diet was its increased vitamin 
content, resulting from the addition of vitamin preparations. Vitamins present 
in the active groups of oxidative enzymes (riboflavin, nicotinic acid, thiamine) 
were added to the diet. Addition of pyridoxin was justified by the leading role of 
pyridoxal enzymes in protein metabolism. Vitamins of the "synthetic" group 
participating in metabolismil of Compounds containing one carbon atom and in pro- 
tein and nucleic acid synthesis (cyancobalamine, folic and pantothenic acids) 
were also added. The P vitamins and ascorbic acid were added mainly because 
of their predominant effect on permeability of the blood vessels, while vitamin 
E (or -tocopherol) was included because of its positive effect on endocrine function 
and on muscle metabolism. The basal metabolic rate was determined during un- 
restricted movements before the experiment and during hypodynamia by the 
Douglas-Haldane method. The daily excretion of total nitrogen, and nitrogen of 
urea, ammonia and free amino acids was determined to provide indices of nitro- 
gen metabolism. The daily excretion of creatinine, creatine and uric acid was 
also determined. 

"he state of intermediate metabolism was assessed by determining the oxygen 
uptake of the urine and the coefficient of incomplete oxidation. Nonprotein and 
amino nitrogen and the content of free amino acids, sugar, cholesterol and phos- 
pholipids in the blood were determined, 
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The water balance 
in the urine was deter 
Loss of chlorides by perspiration was also estimated. 

The state of the vitamin metabolism was assessed from the excretion of 
thiamine, riboflavin, ascorbic and 4-pyridoxic acids, and N1-methylnicotinamide, 
and from measurement of the resistance of the erythrocytes in hydrogen peroxide. 

Certain indices of the state of digestion and changes in the intestinal micro- 
flora were also determined. 

The transition from normal freedom of movement to a state of hypodynamia 
was accompanied by a decrease in basal metabolism by between 2 and 22%. The 
extent of the decrease was independent of the composition of the diet but was de- 
termined mainly by the movements preceding the experiment. The higher the 
intensity of movement in the period before hypodynamia, the greater the fall in 
basal metabolism. The pulmonary ventilation also fell to some degree but the 
respiratory coefficient remained unchanged. 

The change from free movement to hypodynamia had no significant effect on 
the acid-base balance: the pH of the urine, the titrated acidity, and the excretion 
of phosphates were practically unchanged. 

Results characterizing the state of nitrogen metabolism of the subjects under 
hypodynamic conditions when receiving different diets are of considerable in- 
terest. These results concerning nitrogen metabolism are given in Table 2. 

was increased despite the fact that the level of energy expenditure and basal 
metabolism was lower than in the preceding period. Increased excretion of the 
principal and products of nitrogen metabolism was observed both in the subjects 
receiving the first diet with an adequate protein content (120 g) and in those re- 
ceiving the second diet with a low protein content (57 g). 

In a state of hypodynamia the excretion of total nitrogen and urea nitrogen 

These results suggest that the increased excretion of end products of pro- 
tein metabolism is not the result of an insufficiency of protein in the diet, but is 
due to the state of hypodynamia. 
calorific value of the first diet did not compensate for the increased excretion of 
nitrogenous components. 

It should be emphasized that the increased /351 

It may be assumed that the increased nitrogen excretion resulted from the 
decrease in mass muscle tissue. This is in agreement with the fact that the 
creatinine excretion was not reduced. Usually when the basal metabolism is 
lowered, I the creatinine excretion falls at the same time. 

The increase in urinary amino nitrogen and the sliglit increase in its con- 
centration in the blood suggests that resynthesis of tissue protein was slightly 
inhibited. This is confirmed to some extent by comparison of the excretion of 
amino nitrogen in the subjects receiving different diets. The practical absence 
of increase in excretion of amino acids in a state of hypodynamia in the subjects 
receiving the second diet was due to the more perfectly balanced amino-acid 
composition. This naturally facilitated tissue protein resynthesis. The positive 
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influence of the increased content of cyancobala 
and also pyridoxin likewise cannot be rul 
significant action. 

TABLE 2. Nitrogen Metabolism of Subjects in Hypodynamia 
and Receiving Different Diets 

(Mean Values for Days of Experiment) 

Indices 

- 
Total Nitrogen of Urine, gfday . . . . .  
Urea Nitrogen of 24-hour 
Urine, d d a y  ................ 
Urea, Total Nitrogen (%) ........ 
'knmonia Nitrogen of 
24-hour Urine, d d a y  .......... 
Ammonia Nitrogen, Tot. Nitrogen (%) 

Creatinine, d d a y  ............. 
Creatine, gfday .............. 
Amino Nitrogen of Blood, mg (%). . . .  
Nonprotein Nitrogenof Blood, mg%. . 
Commas represent decimal points. 

Amino Nitrogen of Urine, g/day .... 

.- 

First Diet (3 , I Second Diet (4 
ents) I experimc 

17,1 12,9 

13,1 9,20 
77 75 

0,85 0,52 
4,85 493 
0,535 0,545 
1,64 1,48 
0,06 0,09 
- 6,02 
- 36,4 

ltsj , 
6 

rn 

8 
X 

14,2 

11,5 
81 

0,47 
3,3 
0,389 
1,68 
0,136 
794 
34,i 

The increased destruction of tissue proteins following the change to restricted 
movement can also be excluded as the main cause of the negative nitrogen bal- 
ance because of the absence of increase in the blood nonprotein nitrogen con- 
centration under hypodynamic conditions, 

Despite the fairly intensive nitrogen metabolism, some qualitative indices 
showed a tendency to improve; the ratio between urea nitrogen and total nitrogen, 
for instance, rose slightly but the ammonia coefficient showed no increase, al- 
though in the subjects receiving the first diet some increase in ammonia excretion 
was observed. 

Some idea of the state of oxidative processes and of intermediate metabolism 
was given by determination of the oxygen uptake of the urine and calculation of 
the coefficient of incomplete oxidation. The oxygen uptake of the urine in subjects 
receiving the first diet was 19.0 g 02/day, falling to 16.0 g with the transfer to 
hypodynamia. The content of incompletely oxidized products excreted in the urine 

- /352 
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of the subjects receiving the second diet was diminished 16.9 g O2 in subjects 
moving freely and 13.2 g 02/ day in subjects in a state of hypodynamia. The 
coefficient of incomplete oxidation of the urine wa,s about the same in both groups 
of subjects (1.28-1.27 in the subjects moving freely and 0.89-0.91 under condi- 
tions of hypodynamia). 

second diet may have advantages. The lower excretion of incompletely oxidized 
products may be explained by the better balance of the protein part of the diet 
and by the fact that it contained increased amounts of vitamins incorporated in 
tissue oxidative enzymes {riboflavin, nicotinic acid, thiamine) , and improving 
the utilization of proteins and carbohydrates (pyridoxin, thiamine , etc. ) . 
lower in the subjects receiving the second diet, with its lower protein content 
and lower calorific value, corresponding to the utilization of 90 g nitrogen; in 
the subjects receiving the first diet and kept under hypodynamic Conditions the 
corresponding figure was 106 g. A more economic utilization of protein in sub- 
jects receiving a more balanced diet of higher biological value was observed 
previously during the study of low-calorie diets 143. 

Results of determination of the oxygen uptake of the urine indicate that the 

It is a very important fact that the excretion of nitrogenous compounds was 

A possible explanation of the lower values of excretion of total nitrogen in 
the urine of the subjects receiving the second diet may be a corresponding in- 
crease in nitrogen excretion with the stools, i. e. , a decrease in assimilation. 

Since there is no information in the lieterature concerning the assimilation 
of food by subjects under hypo@namic conditions, this possibility could be ex- 
cluded only by an experimental study of the assimilation of the protein of the 
second diet by subjects allowed different degrees of mobility. This study showed 
that hypodynamic conditions have no significant effect on the rate of assimilation. 
In freely moving subjects, for instance, the degree of assimilation of the dietary 
protein varied from 86 to 92.5% while under hypodynamic conditions it varied 
from 85 to 90.2%. 

The carbohydrate metabolism showed only very slight changes with the tran- 
fer to hypodynamia, the blood sugar level falling by 13-35% compared with normal 
conditions , although the carbohydrate consumption was not decreased. This 
change in carbohydrate metabolism is most probably attributable to a decrease 
in adrenalin secretion. The blood sugar remained high (not below 95 mg%). The /353 
pyruvic acid excretion fell slightly, especially in subjects receiving the second 
diet, evidently because of the increased thiamine content. This indicates that 
the course of carbohydrate metabolism was perfectly satisfactory, 

Determination of normal values of water intake was not among the objects 
of this investigation, because it depends to a greater degree on the microclimate 
of the room, but at the same time the results obtained relative to water and 
mineral metabolism under hypodynamic conditions are of considerable interest. 
Their analysis revealed closely similar values of water intake before the experi- 
ment and under hypodynamic conditions. 
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Because of the strict uniformity of the diet, the volume of metabolic water 
formed in the body per day was 251 ml 
similar: 722 ml in the control and 745 
changes were found in the kidney funct 
the average 89% of the water drunk wa 
hypodynamia this fell to 41% in the same period (2% of the body weight). This 
observation requires further study and interpretation. 

No significant changes took place in mineral metabolism under hypodynamic 
conditions. The excretion of potassium, sodium, and chloride showed a tendency 
to decrease (by 13.38 and 18% respectively) , while the excretion of calcium and 
phosphate, on the other hand, rose slightly (by 8 and 13%), possibly because of 
the absence of load on the locomotor system, resulting in changes in the bone 
tissue. Determination of the vitamin balance of the body revealed differences 
depending on the composition of the diet (Table 3). In subjects with restricted 
movements these indices of vitamin metabolism either remained unchanged 
(thiamine, riboflavin) or improved. Characteristically, all the indices of vita- 
min metabolism were better in the subjects receiving the second diet. The 
results were identical only in the case of ascorbic acid: its increased excretion 
under hypodynamic conditions depended on the diet received. 

TABLE 3. Indices of Vitamin Balance of Subjects Receiving 
Different Diets Under Hypodynamic Conditions 

(Mean Data Per Day of Experiment) 

Excretion in Urine Per Day 

....... .......... 119,6 
86 
69 
6,78 

753 

78,5 
215 
507 

996 

704 

Commas represent decimal points. 

Despite the additional daily consumption of 4 mg pyridoxin by the subjects. 
receiving the second diet, satisfactorily high values of 4-pyridoxic acid excretion /354 
could not be obtained. This may be explained by the decrease in microbiological 
synthesis of the vitamin in the intestine becauae of the high rate of assimilation 
of dietary protein, and a decrease in the number of microorganisms in the in- 
testine. Tests showed that the number of bacterial cells per gram of stools fell 
by 100 times, and since the weight of the stools also fell, this decrease was still 
more marked. 
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The general conclusion may be drawn from the results described that hy- 
podynamic conditions have a considerable effect on metabolism, the intensity of 
which depends on the composition of the diet received. The main requirement 
of a diet for such conditions is that it should aim to be as biologically balanced 
as possible, and attempts should not be made to compensate for changes in 
metabolism by increasing the content of individual components of the diet. This 
applies most emphatically to protein metabolism. The provision of a diet with 
a calorific value much higher than that needed by the body likewise cannot be 
justified. 

The diet for hypodynamic conditions must be as  balanced as possible in its 
content of individual components and adequate to the level of energy expenditure. 
Deviation from this general rule concerning diets for use under conditions of 
restricted mobility leads to more severe changes in metabolism than when 
movement is unrestricted. 
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NUTRITIONAL STATE OF HUMAN SUBJECTS KEPT FOR LONG PERIODS 
IN A HORIZONTAL POSITION AND SUBSEQUENTLY EXPOSED 

TO ACCELERATION 

V.A. Petrovykh, R.V. Kudrova, M.I. Kuznetsov, P. P. Lobzin, I.G. 
Popov, I.A. Romanova, Yu. K. Syzrantsev, A.M. Terpilovskiy, 

Yu. F. Udalov, andN.A. Chelnokova 

/355 One method of stimulating the action of weightlesness on the human body - 
under terrestrial conditions which is frequently used for research purposes is 
by keeping subjects in a strictly horizontal position and restricting their move- 
ment as far as possible. 

Since a prolonged stay in the horizontal position and restriction of move- 
ment has significant effects on metabolism and the cardiovascular system, it is 
interesting to study the action of overloads at the end of a period under these 
conditions. 

The inclusion of overloading as the final stage of the experiment is also 
important as a function test. By applying accelerations it i s  possible to determine 
the intensity of metabolic processes and to assess to some extent the value of 
the diet received. 

The main purpose of the present investigation was to study the nutritional 
state of a human subject kept in a horizontal position and with restricted move- 
ment. Insufficient attention has been paid to this problem in the Soviet and 
Western literature, especially if the combined action of hypodynamia and subse- 
quent overloading of the body is concerned. 

Several workers have found that prolonged and strict bed rest leads to con- 
siderable changes in the motor apparatus, with the development of a varied de- 
gree of muscular atrophy. Limitation of muscular activity under hypodynamic 
conditions lowers the tolerance of the cardiovascular system to physical exer- 
tion, increases the energy cost of a unit of work and the oxygen debt, and lowers 
resistance to the orthostatic test [2, 61. Changes have also been found in pro- 
tein, water and salt metabolism [I]. The 24-hour diuresis was considerably 
increased, and the excretion of nitrogen, sodium, potassium, phosphorus and 
calcium in the urine was increased to a lesser degree. An increase in the total 
protein, albumins, y -globulin, 17-hydroxycorticosteroids and sugar in the 
blood has been described c3-61. 

/356 

The changes in metabolism (protein, water, salt, carbohydrate) described 
above are reversible, for the biochemical indices return to normal in the period 
after hypodynamia. 

The observations made by the authors cited above were concerned mainly 
with changes in metabolism in the body arising under the influence of prolonged 
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restriction of muscular activity, whereas we were concerned with exposure not 
merely to hypodynamia alone, but also to subsequent overloading of the maximal 
tolerable intensity. The direction of the overloads was "sternum-spine. '' 

Investigations of some aspects of the nutritional state of subjects during 
hypodynamia and preceding exposure to overloading were carried out on three 
healthy young persons of about the same age (22-24 years) for periods of 10 
(subject C.) and 15 days (subjects A. and B.). All the subjects were kept in a 
room at a temperature of between +21" and +28*. During the period of the ex- 
periment the subjects remained constantly in the horizontal position. Before 
the experiment the subjects received a diet of the following composition for a 
long period: 105 g proteins, 126 g fats, 371 g carbohydrates, calorific value 
3124 kcal. During hypodynamia the diet consisted of mixed food of the following 
composition: 125 g proteins, 105 g fabs, 307 g carbohydrates, calorific value 
2745 kcal. The products were shared into four meals given at the following 
times: 8: 30 and 11 A.M. and 3 and 8 P.M. Physiological and hygienic evalua- 
tion of the nutritional state of the subjects was based on their general condition 
and the study of indices of their physiological function and metabolism before 
the beginning of experiments lasting 1 0  and 15 days, during the experiment, and 
after their end. Gastric enzymic activity was assessed by study of the uropepsin 
content in the urine. The intensity of putrefaction in the intestine wa8 judged 
from the excretion of indican in the urine. Metabolism was studied before, 
during, and after the experiments by determining the concentrations of sugar, 
total lipids, cholesterol, and phoapholipids in the blood and total nitrogen, 
amino acids, urea, ammonia, creatinine, vitamins C , B and B2, 4-pyridoxic 
acid, and N1-methylnicotinamide, the oxygen uptake, the concentrations of 
chlorides, phosphate, and calcium, the pH and the titrated acidity in the urine. 
Water metabolism also was studied. 

1' 

The energy expended by the subjects was assessed mainly by a stop-watch 
method but in individual cases by gas analysis. The results of these investiga- 
tions, indicating certain aspects of the nutritional state of the subject during 
hypodynamia after preceding overloading are given in Tables 1-7. 

the uropepsin level in the subjects' urine during hypodynamia and in the initial 
state, and that it remained within normal limits (32-82 units/day). This dem- 
onstrated the abseace of changes in enzyme function of the gastric glands on 
feeding with the experimental diet under the conditions used. The results of 
determination of indican in the urine given in Table 2 shows that there was no 
increase in the intensity of putrefaction in the intestine of the subjects during 
hypodynamia as might have been expected on the assumption that a decrease in 
muscular activity would be accompanied by a decrease in intestinal motor ac- 
tivity. The indican content in the urine remained within normal limits in every 
case. 

The results in Table 1 show that there was no significant difference between 

The results of the investigations of protein metabolism are given in Table 
3. The quantity of nitrogen excreted in the urine increased, especially during 
the first days of hypodynamia. A negative nitrogen balance was observed for 
all subjects in the initial period of hypodynamia, Excretion of other nitrogeneus 
components in the urine was also increased: urea, ammonia and uric acid. 
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TABLE 1. Investigation of 
Gastric Enzyme Activity 
(Uropepsin, Units/Day: 

Mean Data) 

Experi- 
merit 

Before 

iment 

55.7 

Before During 
Exper- Hypo- 
iment dynamia 

d ynamia 

75.9 
C .  62.4 52.9 

TABLE 2. Excretion of 
Indican in Urine During 

Hypodynamia 
(Mean Data, mg/day) 

1 # 

The changes in nitrogen metabolism dis- 
covered in these subjects evidently depended 
on atrophy of muscle tissue or disturbance 
of protein resynthesis under hypodynamic 
conditions; 

The results of investigation of lipid 
and carbohydrate metabolism under hypo- 
dynamic conditions are  given in Table 4. Ex- /358 
amination of the results in this table reveal 
very slight changes in the total lipid content 
of the blood in these subjects (normal 500- 
1000 mg%). 

No Significant changes likewise were 
found in the blood cholesterol of the subjects 
under hypodynamic conditions when receiving 
the specified diet. In every case the blood 
cholesterol remained within normal limits 
(150-200 mg%), but after the experiment a 
slight tendency was observed for its level to 
increase compared with the initial state be- 
fore the experiment. The concentration of 
lipid phosphorus in the blood remained within 
normal limits. The lecithin/cholesterol 
ratio showed a slight decrease by the end 
of the experiment. The results of tests per- 
formed on the subjects showed absence of 
significant changes in most cases in the ace- 
tone content in the urine and the blood sugar 
(Table 3). 

The decrease in the blood sugar found in 
the subjects after the end of the experiment 
may be attributed to their considerable utili- 
zation of carbohydrates because of increased 
'mobility. 

The results of determination of the excretion of certain vitamins and their 
derivatives in the subjects' urine are given in Table 5. The comparatively low 
supplies of these vitamins in the subjects will be noted. After the subjects had 
received the experimental diet for a long period, the supply of vitamin C to the 
body improved sharply and the excretion of ascorbic acid in the urine remained 
high throughout the experiment. The thiamine level in the body fell slightly 
under hypodynamic conditions, mainly on the last days of the experiment. 

/36 0 - 
A similar decrease in the vitarnin B2 level in the body was also observed. 

Conversely, the supply of vitamin PP was adequate. The initial level of supply 
of vitamin B6 to the subjects, as shown by the study of 4-pyridoxic acid excre- 
tion, was low and remained at that level throughout the experiment. 
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TABLE 3. Excretion of Some End Products of Protein 
Metabolism in the Urine Per Day 

(Mean Data, g) 

Experimental 
Conditions 

Initial Background 
During Hypodynamia 
Initial Background 
During Hypodynamia 
Initial Background 
During Hypodynamia , ___ 

I 

A t !  
8 f l  E'S 
g g i  & o w  

16,8 
16,6g 

16,8 
16,62 

16,8 
16,O 

15,3 
17,O 

16,4 
17,O 

15,5 
16,1 

Excretion in Urine 

h 

10,19 0,854 0,363 0,855 
13,25 0,785 0,528' 1,125 

12,32 0,85 0,466 0,77 
13,2 1,27 0,545 1,178 

10,5 0,68 0,304 0,94 
13,O 0,938 0,406 1,075 

Commas represent decimal points, 

With a standardized diet and uniform activity, the gas exchange and acid- 
base balance are known to remain constant within limits. This led us to study 
the action of hypodynamia on these indices of the general trend of metabolic 
processes in the body. The results are given in Table 6 .  The mean values of 
pH and titrated acidity of the urine given in this table show that the experimental 
conditions and diet had no effect on these indices: only very slight changes were 
found and both pH and titrated acidity remained within normal limits. The re- 
sults of investigation of the gas exchange showed that on the days of hypodynamia 
there was a slight decrease in pulmonary ventilation, oxygen consumption and 
excretion of C02. The respiratory quotient showed no significant change. The 

energy expenditure of all subjects on days of hypodynamia fell on the average by 
10%. The results of investigations of water and salt metabolism are given in 
Table 7. They show that the mean excretion of calcium and phosphorus in the 
24-hour urine was higher under hypodynamic conditions than when muscle ac- 
tivity was unrestricted. In the case of subjects A. and B., the excretion of 
calcium in the urine reached a maximum on one day in the period of hypody- 
namia. Excretion of phosphorus in the urine of subjects A. and B. did not ex- 
ceed 1.02-1.04 g/day during the experiment. 

As an index of the subjects' nutritional state, their body weight remained 
practically at the same level throughout the experiment. The body temperature 
also remained unchanged. The volume of water drunk during the day increased 
as-the experiment continued; the diuresis fell slightly. This was evidently as- 
sociated with an increase in extrarenal loss of water. The effect of overloading 
was studied on individual aspects of metabolism. The results of investigations 
carried out on a day during which the subjects were exposed to overloads showed 
no significant change in the indices of nitrogen, carbohydrate, lipid, water and 
salt metabolism . 
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TABLE 6. Indices of Acid-Base Balance and Gas Exchange 
Under Different Conditions of Activity and Diet 

ei 

P, 
g/day: 

182 0,85 
146 0,97 

1,02 

A. 
B. 
C. 

Commas represent decimal points. 

Hypodpamia 

Diuresis, 11 Ca, jl $Ay 
ml 1 mg/day 

948 2u) 1 ,02 
975 219 1.03 

1170 263 *,OS 

Commas represent decimal points. 
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Results showing the effects of overloads on vitamin metabolism of the sub- 
jects are  given in Table 8. A sharp decrease in the excretion of vitamin C 
during overloading will be apparent. It may be assumed that the ascorbic acid 
balance remained favorable because of the high content of this vitamin in the 
diet and also because of the low consumption of ,the vitamin as a result of the 
state of hypodynamia. This is confirmed by the response to overloading. High 
values of ascorbic acid excretion from the body were due to the considerable 
intake of the vitamin with blackcurrant juice, administered regularly to the sub- 
jects. Excretion of vitamin B with the urine fell in response to the action of 
overloading. The vitamin B excretion fell in a similar manner. The results 
given in Table 8 also indicate that overloading must be taken into account when 
the factors of space flight are  studied. 

1 
6 

- /361 

TABLE 8. Effect of Overloading on Indices of Metabolism 
of Certain Vitamins in Subjects Differing in Diet and 

Character of Activity 

Excretion in Urine 

e thylnicotinamide, 

Commas represent decimal points. 

/362 The investigation of some aspects of the nutritional state during hypody- - 
namia lasting for 10-15 days and preceded by overloading revealed changes in 
metabolism of the subjects receiving the diet described above which can be de- 
scribed briefly as follows: 1) the enzyme function of the gastric glands re- 
mained essentially unchanged; 2) in a state of hypodynamia, because of lowered 
metabolism in the muscle tissue, the excretion of urea, ammonia, amino acids 
and uric acid in the urine was increased; 3) the principal indices of lipid metab- 
olism (total lipids, cholesterol, lipid phosphorus in the blood, acetone content 
in the urine) remained within normal limits in the subjects and showed no sig-" 
nificant change under hypodynamic conditions; 4) the blood sugar remained with- 
in normal limits but after the end of the experiment a decrease in the blood sugar 

balance (titrable acidity of the urine, pH) remained within normal limits during 
hypodynamia; 6) the excretion of calcium and phosphorus in the urine increased; 

/363 concentration was observed in these subjects; 5) some indices of acid-base - 
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7) the supply of vitamins PP and C was adequate during hypodynamia, while 
that of vitamins B1 , B2 and B was lowered; 8) the energy expenditure of the 
subjects fell slightly during the experiment with hypodynamia; 9) on the days of 
hypodynamia the indices of gas exchange (pulmonary ventilation, oxygen con- 
sumption, C 0 2  excretion) were lowered, but the respiratory quotient remained 
almost unchanged. 

6 

The diet investigated, generally speaking, proved adequate in its nutri- 
tional value and content of basic food substances for the subjects kept under 
hypodynamic conditions preceded by overloading, with the exception of its 
content of certain vitamins. 
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USE OF A BIOMASS OF UNICELLULAR ALGAE FOR HUMAN FEEDING 

Yu. I. Kondrat'yev, V. P. Bychkov, A. S. Ushakov and Ye. Ya. Shepelev 

Judging from its chemical composition, a biomass of unicellular algae 
must have high nutritive value [l, 21. The chemical composition of the bio- 
mass depends on cultivation conditions and varies within the following limits: 
proteins 8.7-88.2, fats 4.5-85.6, carbohydrates 5.7-37.5, ash 3 4 %  [ll]. 
However, the specific taste and smell of the algal biomass hamper its use for 
human feeding. 

By treatment with alcohols (methanol, butanol, etc.), the algae lose their - /364 
specific taste, become pale grey in color, and are  more palatable than in their 
untreated condition [6]. 

The results of degustation tests on products containing algal biomass 
(Chlorella) have been described in a number of papers 14, 5, 7-91. Pastries 
and bread, cooked meat balls , hamburgers, stuffed eggs, Japanese vermicelli 
soup, ice cream, jellies, and pastes for sandwiches have obtained organoleptic 
approval. Algae were added to these dishes in the proportion of 5-10%, except 
for the sandwich paste which contained 75% of algae. 

American workers [14] consider that the specific taste of algae is less 
perceptible in confections such as  gingerbread and chocolate cookies or cakes. 

Tamura and co-workers [14] determined the assimilation of protein of uni- 
cellular algae included in the composition of cakes used in the diet to the extent 
of 21-23 g (dry weight) daily. They found that algal proteins are  assimilated 
less readily than rice proteins, but the rate of assimilation of fats and carbohy- 
drates was not reduced [ 153. 

Hayami and co-workers [ 53 tested the assimilation of algal biomass, 
blanched and decolorized with methanol and given for four days to five women 
whose diet included 30 g dried algae. Assimilation of protein of the decolorized 
biomass was greater (86.3%) than that of untreated biomass (74.8%)). 

Miyoshi [ l o ]  included about 30 g algae in the diet of two men. He found that 
during the period when algae were given in diet the stools of the subjects be- 
came dark and fluid, and increased in amount compared with the control period. 
Compared with initially, the subjects lost a certain amount of weight. 

American workers [121 added different quantities of biomass of unicellular 
algae to human food. The algae were blanched and dried in vacuo. Before the 
experiment they were autoclaved for 2 h at 160". Experiments were carried out 
on five men aged from 18-23 years, with a mean body weight of 71.4 kg (from 
63 to 90.5 kg). The investigation continued for 40 days and was divided into 7 
periods. The first period (5  days) was the control. The second, third and I 
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fourth periods each lasted six days. During this time dried algae were added 
to the basic diet at the rate of 10, 20, and 50 g for each subject daily. The 5th 
and 6th periods each lasted 3 days. During this time algae were added to the 
basic diet at the rate of 1OOand2O0gy respectively. These two periods were 
separated by an interval of four days when the subjects received the basic diet. 
The 7th period lasted 2 days and followed immediately after the 6th without an 
interval. Depending on the dose of added algae, the basic diet was varied to 
keep its protein content and calorific value constant. In the 7th period, however, 
the protein content was twice as high as in the control period although the calor- 
ific value was slightly lower. This was because the diet consisted only of dried 
algae (500 g per person per day) with water and a small quantity of fruit syrup 
added to improve flavor. In the experimental periods the subjects were given 
gingerbread and chocolate cookies and cakes to which up to 25% of dried algae 
were added before cooking, and also a mixture of dried algae with cold milk and 
water in a concentration of 75 g per glass. 

On the first days the subjects noticed the strong and unpleasant taste of the 
algae in the experimental dishes, but after a few days they became accustomed 
to it. When algal biomass was taken at the rate of 10-20 g daily, the subjects 
developed flatulence, gases accumulated in the intestine and the abdomen be- 
came distended. The stools became dark green in color on the second day of 
the experimental period and remained colored until algae were excluded from 
the diet. When the daily dose of dried algae was 50 g,  intestinal peristalsis in- 
creased and the stools became abundant and dry. On the whole the subjects 
tolerated addition of up to 100 g algae to the daily ration relatively well. With a 
dose of 200 g algae in the daily ration, the symptoms mentioned above became 
more marked. Nausea also appeared. One subject complained of diffuse spas- 
modic abdominal pain and continuous vomiting. In the 7th period three subjects 
took part in the experiments. One gave up because he felt unwell, but the other 
two survived the 2-day period in spite of nausea, weak spasmodic abdominal 
pain, headache and general malaise. During the whole investigation the sub- 
jects lost from 1-2 kg in weight. The daily weight of the stools was doubled 
during the last two periods of the experiment. The moisture content in the 
stools fell from 75 to 65%, while their ash, fat, nitrogen and carbohydrate con- 
tent increased when the subjects received a diet with high concentration of algae, 
indicating a decrease in its assimilation, 

/365 

Since a diet with the addition of algae is not a customary one for man, its 
toxicity was investigated. The subjects were kept under medical observation for 
six months and no signs of toxicity of the algae were found. 

In a leper colony in Venezuela [SI observations were made on patients who 
received unicellular algae in their diet for between one and three years. Ob- 
servations were made on 37 persons aged from 8 to 20 years, 26 Rersons aged 
from 20-40 years, and 17 aged from 40-70 years. Dry algal biomass (Chlorell 
was added to  soup at the rate of 10 g for children and 15 g for adults. The pa- as - /366 
tients ate their soup without distaste. They gained in weight and stated that they 
felt some improvement. 

The composition of the intestinal microflora was studied in persons receiving 
blanched algal biomass (Chlorella) in their diet. Japanese investigators [13] in- 
vestigated the intestinal microflora of five women aged. 21-22 years receiving 
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30 g blanched algae daily for 10 days in cookies and ice cream, They observed 
some changes in the content of Escherichia coli and Lactobacillus acidophilus. 
However, these changes were not consistent in character. American workers 
[12] report that the E. coli population and the total number of bacteria homog- 
enates of the subjects' stools showed no significant change even when algae 
was added to the daily diet at the rate of 500 g. 

As  this survey of the literature shows, a biomass of unicellular algae has 
no toxic action on man. 

Investigations were therefore carried out to study the effect of diets includ- 
ing different quantities of algal biomass (a mixture of Chlorella and Scenedesmus) 
on some aspects of human metabolism. The maximal quantity of algal biomass 
which can be included in the human diet was also determined. Three investiga- 
tions were carried out in which dry biomass was added to the diet at the rate of 
50, 100, and 150 g. The algal biomass used was dried lyophilically and had the 
following chemical composition, expressed relative to the dried substance: 
protein 51, fat 12,  carbohydrates 23, cellulose 5, ash 9%. The biomass of 
algae used in these investigations was not washed to remove the culture medium. 

The chemical composition of the diets was as follows: protein 116-121 g, 
fat 100-107 g, carbohydrate 460-490 g; calorific value 3360-3440 kcal. Algae 
were added as jellies prepared in gelatin and agar-agar, a blancmange made 
with starch, and drinks made with the addition of sugar, raisins, lemon juice, 
coffee, and vanillin. 

The experiments were carried out on 12 volunteers, clinically healthy men 
aged from 23-39 years, weighing initially 54-100 kg, and 165-184 cm in height. 

The subjects performed their normal work. 

During the first investigation, when 50 g biomass of unicellular algae was 
added to the daily diet, three subjects (A. ,  K., and T.)  took part, in the second 
investigation four subjects (M. , V. , I. and Sh.) received 100 g algae daily, and 
in the third investigation five subjects (S. , Z. , E. , P. and G. ) each received 
150 g algae daily. Except for two who had to give up before the end because of 
their state of health, the subjects received the algal diet for 20-23 days. 

Before the beginning and after the end of the investigations, the subjects 
receiving algae were given a clinical examination. A medical check was applied 
every day, and the body weight and temperature and the pulse rate determined. 
Once every ten days, starting with the second investigation, an additional car- 
diovascular function test together with manual and spinal dynamometry and 
spirometry was carried out. 

the nonprotein nitrogen, urea, arnmoriia, cholesterol and phospholipids were 
determined in the venous blood. The 24-hour volume, specific gravity, pH, 
total nitrogen, urea, ammonia, creatine, creatinine, amino-acid nitrogen, and 
17,21 -dihydroxy-2O-ketocorticosteroids in the urine were determined. Moisture 
content, total nitrogen, fat, ash, and carbohydrates in the stools were estimated. 
The subjects noted the volume of water they drank and their 24-hour diuresis. 
Each subject kept a daily diary in which he recorded how he felt and his assess- 
ment of the diet and the daily events. 

/367 

Once during the control investigations and twice in the experimental periods 
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On the first days of receiving a diet including 50 g algae, subject A, felt 
dyspeptic symptoms such as flatulence with the smell of algae, nausea, loss of 
appetite and meteorism. These symptoms disappeared after two days. The 
dyspeptic manifestations were much less marked in the subjects K. and T. 
Subsequently all subjects became accustomed to the diet and made no com- 
plaints * 

All subjects receiving a diet with 100 g algal biomass noticed certain dys- 
peptic disorders for the first few days (flatulence, meteorism, loss of appe- 
tite). Subsequently subjects M. , V. and I. felt well until the end of the inves- 
tigations, although V. and I. had no appetite for dishes containing algae. The 
subject Sh. had to make an effort in order to eat dishes containing algae before 
the end of the investigation. No abnormalities of the gastro-intestinal tract 
were found in this subject. 

The subjects responded differently to a diet including 150 g of algal bio- 
mass. Subject G. ate dishes containing algae without difficulty throughout the 
period of investigation, and made no complaints. Subject Z. also tolerated 
dishes containing algae well, but on the 14th day developed edema of the right 
eyelids, nose, and frontal region, becoming more severe toward evening, de- 
spite an intravenous injection of 10 ml 10% calcium chloride and administration 
of dimedrol during the afternoon. Next morning the edema spread over the 
whole face, the right eye could not be opened, and petechial hemorrhages were 
present on the nose and frontal region. Nevertheless, subject Z. 's general 
condition was good and he expressed his willingness to continue the investiga- 
tion. However, he was withdrawn from the investigation and admitted to 
hospital. 

On admission to hospital his general condition was satisfactory. The skin 
of the face was pale, 
gion, eyelids , nose, cheeks , submandibular region and upper part of the neck 
on the right side. The fingers were moderately edematous and petechial 
hemorrhages occurred in the skin of the nose and forehead. Pulse rate 66/min, 
volume good, blood pressure 110/80 mm Hg. 

Marked and firm edema was present in the frontal re- /368 

The following treatment was given in hospital: No. 5 diet, cleansing ene- 
mas , saline laxatives, dimedrol and rutin orally, ascorbic acid and mag- 
nesia intra-muscularly , and calcium chloride intravenously. 

On the second day of hospitalization clinical investigations gave the following 
results: blood formula normal, ESR 3 mm in 1 h, total blood bilirubin 1.37 mg%, 
cholesterol 206 mg%, thymol test 11 units, mercuric chloride test 2.0, blood 
sugar 125 mg%. Urine analysis: sp. gr. 1020, reaction acid, protein and sugar 
absent. Sediment normal, Analysis of stools: test for blood negative. Analysis 
of gastric juice: total fasting acidity 15, free acidity 0. At the height of diges- 
tion, total acidity 25, free acidity 4. Fluoroscopy of the chest and gastro-in- 
testinal tract showed no abnormality. After five days in hospital, subject Z. 
was transferred to the control diet, which he continued to take until the end of 
the investigation. 

Subject P. reported dyspeptic symptoms (meteorism, loss of appetite) 
while still on the control diet. After transfer to the experimental diet the dys- 
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peptic symptoms increased: stools were passed frequently and he disliked the 
dishes containing algae. He tolerated the drinks containing algae better than the 
jellies. On the 12th day of receiving the diet with algae, subject P. began to 
notice slight %old pricking" on the right hand. On the 15th day a dark band was 
seen at the edge of the right thumbnail. On the 16th day, the right eyelid and 
the dorsal surface of the fingers began to itch. The right eyelids were slightly 
edematous. Because of the appearance of signs of edema, the subject was put 
back on the control diet. Despite this, next day he noticed-slight burning on the 
dorsal surface of the hand and fingers, especially the right. The skin of the 
fingers gave an increased reaction to heat (warm water appeared hot). The 
edema on the face and hands increased. These phenomena persisted for 4 days. 
On the 5th day the edema of the face and hands diminished. By the 10th day after 
discontinuing the diet with algae, all these signs had disappeared. Only slight 
peeling of the skin over the fingers remained. 

ena mentioned above, no other abnormalities affecting the subject's health were 
observed. 

Throughout the investigation this subject felt well. Apart from the phenom- 

Subject G. developed cyanosis under the nails of the second and third toes 
and along the medial border of the right foot as far as the base of the big toe 16 
days after receiving the experimental diet. The toes were edematous and pain- 
ful during walking, These phenomena disappeared after two weeks. 

/369 - 
Subject E. felt a burning sensation in the region of the right big toe 35 days 

after the end of the investigation. Slight puffiness was found on the medial border 
of the right foot, including the big toe. The skin of this region was slightly red 
in color (petechial hemorrhages were seen). These phenomena disappeared 
after 4 days. Subject S.  showed no abnormality affecting his state of health 
when taking the diet including algae, 

Regardless of differences in the content of algae in the diet, all subjects 
showed an increase in the blood nonprotein nitrogen on the 10th day up to 70- 
90 mg%, falling to the initial level by the 20th day of the investigation. This 
can be interpreted as adaptation to the diet containing algae by the 20th day of 
the investigation. The blood cholesterol of most subjects increased until the 
20th day and then fell when the subjects returned to the control diet. In 2 sub- 
jects no decrease in the blood cholesterol level was observed 10 days after the 
diet containing algae was discontinued. The blood cholesterol remained un- 
changed in one subject throughout the investigation. Since a distinct increase 
in the blood cholesterol did not take place immediately in these subjects, but 
on the 20th day after starting to take the algal diet, it can be postulated that 
these changes were not produced by phytosterols of the algae but by the action of 
the biomass as a whole on cholesterol metabolism in the body. The changes in 
the blood concentration of phospholipids in most subjects were identical to 
changes in the cholesterol level. The other indices investigated were within 
I normal physiological limits. All the subjects remained under medical observa- 
tion for more than one year and no abnormalities affecting their health were 
observed. 

Pathological changes such as edema and petechial hemorrhages have not 
been observed by other investigators, probably because of the smaller amount 
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l of algal biomass given in the experimental diets, the shorter periods of investi- 
~ gation, or differences in chemical composition of the diet. These pathological 
changes, presumably of allergic character, may have been due to c 
of the culture medium or to other biologically active substances present in the 
composition of the algae (proteins, carotenoids, the antibiotic chlorellin, and 
so on). 

Further investigations to discover the causes of these abnormalities are in 
progress at the present time. 
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MATHEMATICAL METHOD FOR CALCULATING NECESSARY QUANTITY 
OF PRODUCTS FOR A GIVEN DIET USING A LIMITED 

ASSORTMENT OF PRODUCTS 

M.F. Fomin 

One of the main problems associated with space flights of long duration is 
that of feeding the spacecraft crew. 

One aspect of this problem is the composition of the diet. The diet of the 
spacecraft crew must not only be of appropriate calorific value, but it must also 
contajq specified amounts of proteins, fats and carbohydrates. Different. prod- 
ucts contain these components in different proportions, and they may be used in 
different amounts when diets are drawn up. The same diet of specified compo- 
sition may be obtained from a different range of products, and changes in quali- 
tative composition of the products used will result in quantitative changes in each 
product. There is thus a need for mathematical relationships to be deduced, by 
means of which a diet of specified composition and calorific value can be easily 
selected using an .available assortment of products. 

Furthermore, if a diet and a definite assortment of products which may be 
provided on a spacecraft are specified, by using these mathematical relation- 
ships and drawing up hypothetical menus for the specified diet, the quantities of 
.each product consumed can be determined. 

The quantitative consumption of each hypothetical product, determined in 
this manner, can be used to calculate the sowing areas of the various crops, the 
necessary number of animals, and the reserves of products in the spacecraft. 

In this paper a possible method which can be used to calculate a specified 
diet is presented to the reader. 

DEFINITION OF THE PROBLEM 

In order to calculate a diet of specified composition consisting of proteins, 
fats and carbohydrates, it is first necessary to determine the quantity of these 
components required in the diet. This can be done most conveniently on the 
basis of the required calorific value of the diet and the ratio between proteins 
(P) , fats (F) and carbohydrates (6). 

and carbohydrates in the following ratio: 
Suppose we need a diet with calorific value Q kcal and with proteins, fats, 

P : F : C : = a  : : y .  (1) 

Knowing the coefficients of conversion of weight of proteins, fats, and car- 
bohydrates into calories (4.1, 9.3 and 4.1 kcal/g, respectively), we have the 
equation: 
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Q =4.1B + 9.3F +4.1C, (2) 

where B, F and C represent the weights of proteins, fats and carbohydrates, re- 
spectively, expressed in grams. 

Using Eqs. (1) and (2), we can determine the values of P, F and C, 
which are expressed by the following equations: 

Q-a 
(4.1a + 9.3p + 4-17) ; 

If the required calorific value of the diet and the relative proportions of 
proteins, fats and carbohydrates in it are known or specified, the Eqs. (3) 
can be used to determine the quantity of each component in grams. 

Often when a diet is calculated, besides specified relative proportions of 
proteins, fats and carbohydrates , the proportion of proteins .must be subdivided 
into proteins of vegetable (VP) and animal (AP) origin and the proportion of fats 
into fats of vegetable (VF) and animal (AF) origin, respectively. 

/372 

In this case, having the values of P, F and C calculated by the Eqs. (3), 
we can determine VP and AP,  and VF and AF by using the essentail relative 
proportions specified either as percentages o r  fractions. 

The problem is thus to draw up a diet from available products with specified 
relative proportions of proteins, fats and carbohydrates and with a specified 
calorific value 

Let us assume that, for a specified calorific value of the diet and for speci- 
fied relative proportions of proteins, fats and carbohydrates (including those of 
vegetable and animal origin) we need to have in the products used for the diet a 
grams of carbohydrates (C) b grams of fats of vegetable origin (VF), c grams7f 
fats of animal origin (AF), d-grams of proteins of vegetable origin (Vp> and - e 
grams of proteins of mimarorigin (AP). 

We also have a series of products with known percentage contents of pro- 
teins, fats and carbohydrates which can be used in the diet. These products are 
given below, for convenience, in a scheme in which the percentage content of 6, 
VF , AF,  VP and AP of each product is denoted by the corresponding letters p, 
m, q, r and s with indices of the corresponding product. 

For example: pA represents the percentage content of carbohydrates in 
product A; % represents the percentage content of vegetable fats in product 
B. 

With these initial data available, we need t o  determine the quantity of each 
product A ,  B, C, D, E, F ,  G and H [or some of these products] (in grams) for 
the specified diet. 
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Product 
g: C VF 

PA mA 
PB m B  
Pc m C  
P D  m D  
PE mE 
P P  m F  
PO @G 
Px ma 

P N  m N  

A 
B 
C 
D 
E 
P 
G 
H 

N 

AF VP AP 

QA ' A  S A  

QB 'B ' B  
QC 'C 8C 
QD ' D  SD 
qE 'E ' 8E 
QP 'P 8F 
QG 'G *G 
QH 'H S B  

.. 
qN ' N  SN 

SOLUTION 

To solve the problem equations must be formed using all the initial data. /373 
To begin with, knowing the percentage content of the components (C; VF; AF;  
VP; AP) of each product we can determine the number of grams of each compo- 
nent in each product taken. 

Let us conventionally denote the number of grams of the component taken in 
each product by the letter of the product with an index consisting of the initial 
letter of the component, for example: A for the number of grams of carbohy- 
drates in A grams of the product; 
tein in B grams of product; and so on. 

C 
BAp for the number of grams of animal pro- 

In that case, starting from the data in Table 1 and taking into consideration 
the remarks made above, we have the following expressions: . 
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E . g E .  * 
100 ' =- too +rP=-ITiij-' 

EAP' - E-S,  
io0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nc=-gjij-; N * P ,  N V F = w t N A F  N ' m N .  - - t  N . 9 , .  N " N .  - 

loa N V p z - m - '  
- N - 5 ,  

NAP--%- 

(cont Id) 

(4) 

From the conditions of the problem we know the quantity of proteyls, fats 
and carbohydrates required in the diet, and also the quantity of these components 
contained in each product. On the basis of these facts we can form the equations: 

/374 

After consideration of the expressions (4), the system of equations (5) will 
assume the following form: 
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Hence, from the specified conditions we have obtained a system of five equa- 
N). When the number of unknowns tions with n unknowns (A, B, C, D, E, F,  , 

is greaterThan the number of linearly independent equations, the system has an 
infinite number of solutions, and these solutions may be both positive and nega- 
tive. 

We are  interested only in the nonnegative solutions of the system. 

Finding the nonnegative solution of the system means finding solutions for 
which the values of all unknown quantities are equal to zero or greater than 
zero, i. e. , in our present case to satisfy the condition: 

A 2  0; B 2 O ;  C 2 O ;  DrO; E r O ;  ...; N20. 
To find nonnegative solutions of the system of equations (7), we must ad- 

here to the following order: 

1. Transcribe the system of equations (7) in the form of a system of null- 
equations, which will have the following form: 

1) O = i @ ) a - ( P A A  f P B B +  p C C f  p D D f  
+ P E E  + P F F  + - PNN)  

2) 0 = 1 0 0 b - ( ( m A A + m B B + m c C + m D D +  
-k mi&' + ~ F F  - - + mNN) 
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2. Select the basis unknowns (basis products), relative to which the sys- 
tem of equatiqns should be solved. The number of basis unknowns must be equal 
to the number of equations. In our case there are five basis unknowns, for ex- 
ample, A, B, C,  D, E. 

3. Choose one of the basis whowns for which the coefficients are positive 
(in one or several equations of the system); let us take, for example, the basis 
unknown A. 

In null-equations the coefficients are considered to be positive if they are 
positive inside brackets. 

4. Find the minimal value of the quotients obtained by dividing the free 
terms by the corresponding (positive only) coefficients for the selected unknown. 

be positive, in which case the quotients obtained by dividing free terms by coef- 
ficients relative to A will have the values: 

For example, if A is the unknown, let the coefficients in all the equations 

and of these, let the quotient 100a,/pA have the least value. 

5. Solve relative to’the chosen basis unknown the null-equation in which the 
quotient obtained by dividing the free term by the coefficient of the chosen un- 
known has the least value. 

In our example, having chosen A as the basis unknown, the quotient 100a/pA 
has the least value and it applies to null-equation 1 of system (8) , so that we may 
solve this null-equation with respect to A. 

6 .  Substitute in the remaining null-equations of system (8) the expression 
for the solved basis unknown. 

In our example we substitute expression (9j into null-equations 2,  3,  4 and 
5 of system (8). 

After substitution we have the following null-equations: 

+ * *  + ( mN-mAPN) N] * 
PA ’ 
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7. From the null-equations (10) thus obtained, in a similar manner we find 
the next basis unknown and substitute its expression both in the unused null-equa- 
tions and in the expressions of the previously solved basis unknowns (in our ex- 
ample in expression (9) for A). 

- /377 

W e  carry out such operations until we have all the expressions for the basis 
unknowns which contain only a free term and nonbasis unknowns. 

In our example the expression will have the form: 

1 A = Q a ' - f a ( P ,  G ,  H ,  . . . , N.) 
B =  Q B - ~ B ( F ,  G, H ,  .. . N . )  
C = Qc- f c ( F ,  G, H , .  . . N e )  
D = Q D - f f o ( F , G , - H  ,... N.)  
E =  Q s - f E ( F ,  G. H , .  . . N.) ,  

where QA, Q,, Qc, Q D and QE are positive free terms, and f A' fB' f C , f  D and 
fE are functions of nonbasis unknowns. 

These expressions are the solution to the system of equations (7) satisfying 
the conditions laid down when the equations were formed. 

If the free term is negative in any of the equations for the basis product, 

products for satisfying the specified conditions. In that case we must change 
one of the basis products (any one) and derive the formulas again. The prod- 
uct which previously was a basis product will now appear in the new formulas 
as a nonbasis product. 

/378 this means that this basis product is incompatible with the other chosen basis - 
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The equations (11) can be used to select from available food products a diet 
of specified calorific value and with specified relative proportions of proteins, 
fats and carbohydrates. 

basis and nonbasis products. 
A specified diet can be selected either from bas m 

- 
73-8 
75.8 

99.9 
72.9 

TABLE 1. List of 

99.9 
1.8 
1.0 

- 
1.1 

Product 

A1 - Sweet Potato. ..... 
- Potata.. ........ 
- Cabbage.. . . . . . . .  

A4 - Beetroot . . . . . . . . .  
As - Carrot . .  ........ 
A6 -Onion.. ......... 

A8 - D i l l . .  . . . . . . . . . .  
Ag - Parsley. . . . . . . . . .  
A10 - Peanut. . . . . . . . . .  

A7 - Lettuce.. ........ 

All - Chlorella . . . . . . . .  
- Beef. ........... 

A13 - Cream Cheese. . . . .  
A14 - Cream. ......... 
A15 - Chocolate . . . . . . . .  
A16 - Powdered Egg. . . . .  
A17 - Cows' Butter. ..... 
A18 - Almonds. ........ 
A19 - Vegetable Oil. ..... 
Azo - Buckwheat. . . . . . . .  
A21 - Rice. ........... 
%2 -'Sugar ......... 
A23 Wheat Flour . . . 

Chemical Composition, % - 

PI 
3 

- 
2.0 
2. c 
1.8 

1.3 
1.5 
3.0 
1 .5  
2. E 

1.5 
27.5 
15.0 
- 
- 
- 
6.3 
- 
- 

21.0 
- 
8.5 
7.6 

- 
11.0 
7 

- 
k 
B 
B 
- 
72.0 
75.0 
90.0 
86.0 

88.5 
86.0 
95.0 
84.7 
85.0 
7.5 

70.0 
4.0 

4.0 
2.7 
1.0 
8.5 

0.5 
8.0 
0.1 

14.0 
14.0 

0.1 
14.0 

- 
6- 22 
z5 m- g% 
3u 

2.5 

2.0 
2.8 
1.9 
2.0 
1.4 
1.3 

5.3 
2.5 
5.0 

5.0 

4. 0 
7.0 

4. 0 
1.3 

3.5 

- 

- 
5.0 
- 
1.9 
1.6 

- 
1.0 - 
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In the first case, in Eqs. (11) we must represent all nonbasis prod- 
ucts as equal to z'ero, in which case the basis products taken in amounts deter- 
mined by the free terms will constitute the specified ration. If it is desired to 
include in the diet one (or several) nonbasis products in addition to the basis 
products, we must specify the quantity of nonbasis product (or products) needed 
and substitute this value (or these values) in Eqs. (11). Solution to Eqs. (11) 
will then show us the quantities of basis products we must take in order 
to secure the specified diet, making allowance for the nonbasis products taken in 
addition. 

The quantity of any nonbasis product which may be taken can only be that 
which, if substituted into Eqs. (ll), does not give a negative solution in any of 
the equations. 

To explain the technique of calculating a required diet more clearly and to 
demonstrate its possibilities, let us solve several concrete examples. 

EXAMPLE 

Problem. Compile a diet with a total calorific value of 2700 kcal and with 
the ratio P : F : C = 1.25: 1: 4.72. 

Of the total protein content, V P  = 40% and A P  = 60%, and of the total fat 
content AF = 80% and VF = 20%. 

To form this diet, the products listed in Table 1, items 1 to 19 inclusive, 
are to be used. 

Solution. By means of Eqs. (3) we determine the quantity of proteins, 
fats and carbohydrates needed to satisfy the specified calorific value: P = 100 g, 
F = 80 g, C = 377 g. 

By calculating the proportions we obtain the quantities of VP,  AP,  YF and 
AF: V P  = 40 g, A P  = 60 g, VF  = 16 g, AF = 64 g. 

We have thus found that to satisfy the specified calorific value and the spec- 
ified proportions of proteins, fats, and carbohydrates, we must have: carbo- 
hydrates (a) = 377 g; vegetable fats (b) = 16 g; animal fats (c) = 64 g; vegetable 
proteins (d) = 40 g; animal proteins (e) = 60 g. 

Using the data in Table 2 and Eqs. (8), we form the null-equations of 
the system (it will be noted that in Table 2, for convenience, the products are 
denoted by the one letter A with the index number of the product). 

When solving problems such as this, it is desirable to list the specified 
products in a table similar to Table 1, for  this greatly facilitates the formation - 
of the. null-equation, because all coefficients of each null-equation are then 
found in one column only. For example, for the null-equation of carbohydrates 
[Eq. (1) of system (8)] they are in Column C, for the null-equation of vegetable 
fats [Eq. (2) of the system (8)] they are  in column FV, and so on. 

The null-equations of our example include 19 specified products. 
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i. 0 - 37700 - (23.5 A1 + 21 AB + 5.4 As + 10.8 A d  + 
+ 8& + 9.6 As + 2.2 A? + 7.5Ag + 11 A. + 15.5 Alo + 
+ 7 A* + 6 AXS + 30.1 A14 + 53.2 AIS + 1.8 A16 + 10 %a); 

2. a = 1600 - (44.5 + 3 + 37.2 + 

3 : h  6400- (13 A l p  + 50 AB + 43.2 A14 + 
+ 55 AIB + 99.9 Ala) 

+ 42.2 Ale + 99.5 Ai?) 

4. O P  4000-((2 A1 + 2 A2 + 1.8A3-+ 1.3 A4 + 1.5 A6 + 
+ 3A6 + 1 S A 7  + 2.5 Ae + 1 3 A g  + 27.5Alo + 15A11+ 

. + 6.23 Ais + 21 A J ~ )  
5. 0 E 6000 - (81 Ais + 33 Ai3 + 20 A14 + 44 Al6) 

) 

Using the order of solution of the system of equations given above for seek- 
ing nonnegative solutions, we obtain working formulas corresponding to 
Eqs. (11) for our chosen basis products A1, All, A12, A15 and A17, by 
means of which we can draw up the specified diet composed of the necessary 
products. 

> (121, 

A1 = 1501.7 - (0.89228 As + 0.21915 A3 + 0.45691 A4 + 
+ 0.33335 As + 0.3904& + 0.08314 A, + 0.30145 AB + 0.4645 A p  + 

- 2.241 A10 + 0,2591 A13 + 1.3008 AM + 0.07796 A16 - 
-3.070f; AIg - 6.06 Ato); 

All s 50 - (Q.014847 As + 0,093932 As + 0.026664 A4 + 
+ 0,05757 + 0.1 5322 A6 + 0,092115 A, + 0.15i5 As + 
+ 0.039392 A9 + 1.685 A19 - 0.035754 Als - 0.179785 A14 - 

- 0.01O794 Ax6 + 1,2302 AIg - 0.335 Ala); 

All =: 74,1- (0.407 A13 + 0.247 A14 + 0.544 Ale); 

Au ~*39-(-0.001195 As-0.00757 As-0.00215 A4- 

- 0.00464 Ab - 0.01235 146 - 0.00744 A? - 0.0122 As - 
- 6,00318 Ag + 1.059 A10 + 0.00288 Ala + 0.0145 A14 + 

+ 0.000866 Ala + 1.38 A l g  + 2.72 AIS); 

A n  56.1 m(O.458 Ais + 0.406 AI4 + 0.364 AM). 

/381 Let us now test the accuracy of the equations used for choosing the diets. - 
Let us assume that the diet must consist of basis products only. In that 

case, taking all nonbasis products equal to zero, by means of the working for- 
mulas we determine the necessary number of grams of basis products for the 
diet. 
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A1 =1501.7 g 
All = 50 g 
A12 = 74.1 g 
A15 = 39g 
AI7 = 56.1 g 

~ 

Knowing the percentage content of all components of duct (Table l), 
we can determine the content of each component in grams in the whole diet and 
compare the result with that given. These calculations are shown in Table 2, 
and it is clear that the chosen diet fully satisfies all the specified requirements. 

TABLE 2. Results of Calculation for Basis Produc 

~1 - Sweet Potato ... 
A11 - Chlorella ..... 
A12 - Beef ........ 
A15 - Chocolate ..... 
A17 '- Cows' Butter. .. 

1501,7 352,75 
50,O 3,5 
74,1 - 
39.0 20,75 
56.1 - 

'Total. .\I - I 377 1 16 ......... 
I I I 

I I I 

- 30 
795 - 

8,15 - 
2.5 - 

i 

Specified . . . . . . .  .'I I 377 I 16 I 64 1 40 
I I I I I 

:t 

60 

- 
60 

Total Calorific Value. . . . . . . . . . . . .  2700 kcal 

Commas represent decimal points. 

Let us now assume that, besides basis products , the diet must include one 
nonbasis product, namely, onion in an amount of 50 g, i. e. , A = 50 g. Then, 
making all nonbasis products equal to zero except for A6 = 50 g, by the working 
formulas we have: 

6 

A~=1501.7-0.3904 * 50=1482.2 g, 
A11 = 50-0.15322-50 - 42.3 
A12 = 74.1 gy 
At5 = 39 + 0.01235-50 = 39.6 
A11 = 56.1 g. 

g, 

g, 

All  the checking calculations for this diet are given in Table 3, which 
shows that this diet also completely satisfies the specified demands. 

This example is given to assist in explaining the method of calculation and 
to show how it can be used, in principle, to choose a diet of specified calorific 
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value and with specified proportions of proteins, fats and carbohydrates from a 
limited assortment of products. 

TABLE 3. Results of Calculation for Basis Products and 
One Nonbasis Product (Onion) 

..... .. - 29,7 - A0 -Onion... 
A 1  - Sweet Potato. 
A11 - Chlorella ..... 42,32 
A12 - Beef. ........ 74,i 
A15 - Chocolate ..... 
A17 - Cows' Butter. 56,i - 5 5 , s  - - .. 

Total. , ........ .I 1 377 1 16 64 I 40 1 60 

Total Calorific Value . . . . . . . . . .  , .. 2700 kcal 

Commas represent decimal points. 

The specialist must determine precisely which products and how much of 
each product must be taken from a given assortment, on the basis of the for- 
mulas obtained in order to adhere approximately (or perhaps exactly) to the 
intended menu. 

It will be clear from the examples given above that, being in possession of 
working formulas, it is possible to determine the proportions in which necessary 
products from a limited assortment must be taken in order to ensure that the 
diet for selected menus conforms to the specified calorific value and specified 
content of proteins, fats and carbohydrates. 
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HETEROTROPHIC ORGANISMS AS A SOURCE FOR HUMAN CONSUMPTION 
DURING LONG SPACEFLIGHTS 

V. I. Yazdovskiy and G .  S, Ratner 

Many Soviet and Western investigators are becoming convinced that the 
possibility of making long space flights depends on the successful development of 
a life-support system based on the circulation of matter within a small confined 
space c2, 3, 7-11]. 

Production of food on the basis of the circulation of matter not only dis- 
penses with the need for large stocks of food products on board the spacecraft, 
which would itself limit the duration of man's stay in space, but also allows self- 
sufficiency for an indefinite period on the basis of the supply of chemical ele- 
ments present on board the spacecraft at the time of launching, which includes 
the total sum of matter contained in the bodies of men and animals, in plants and 
in systems designed to maintain normal conditions for their vital activity during 
the spaceflight or during their stay on interplanetary stations and on planets. To 
this it can be added that including heterotrophic organisms in the life-supporting 
system based on the circulation of matter, it is possible to reduce the amount of 
energy irreversibly lost on account of negentropic processes observed in a bio- 
logical system [4]. 
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At the present state of our knowledge it would be unreal to consider that a 
miniature model of the terrestrialjbiosphere can be constructed on board the 
spacecraft, because the circulation of matter and energy on earth takes place 
with the participation of vast numbers of biological objects and of complex geo- 
chemical processes which have s o  far received little study. 

The main aim of research workers attempting to introduce heterotropic 
organisms as part of the general system of human life support during a stay in 
space has been to provide the crew with sufficient first-class protein and animal 
fat. 

In the 24-hour period a man must receive approximately 104 g protein, 80 g 
fat and 447 g carbohydrates, and from 40-60% of the total protein taken must be 
protein of animal origin [ l O l .  Hence, the first problem to be tackled is the 
selection of the most promising heterotrophic organisms from this standpoint 
and the investigation of their behavior in small closed spaces. Clearly the se- 
lected species of heterotrophs must not only provide first-class proteins and 
fats, but must also adapt themselves to life on limited areas and under conditions 
of a limited supply'of oxygen, on a uniform and specific food basis (certain 
species of higher and lower autotrophs, human metabolic products). Another 
important factor is the psychological acceptability of particular species of 

- heterotrophs as a raw material for food preparation. 

From this point of view it is essential to examine representatives of the 
higher and lower heterotrophs. 
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The biomass of certain microorganisms, such as the lactic acid or propionic 
acid bacteria, and also certain other species, could in principle satisfy human 
requirements of animal protein. However, besides definite objections of a 
psychological character, the use of microorganisms as a human food product is 
largely prevented by the complexity of their cultivation. The slightest deviations 
from optimal parameters of the culture medium cause profound changes in their 
biochemical activity [6], so that this biological system is not reliable enough. 
It should also be mentioned that many microorganisms and, in particular, lactic 
acid bacteria most acceptable from the dietary point of view, require high-quality 
media for their growth (milk or a medium similar in chemical composition to 
milk), and from the economical point of view such media could conveniently be 
included directly in human food. 

- /384 

Yeasts, being less fastidious, are more reliable and economically more 
suitable objects, but their use is restricted because they contain considerable 
quantities of purine and pyrimidine bases which are toxic to man. 

The use of tissue cultures as a source of protein for human food is now of 
purely theoretical interest, being even more problematic than the use of a bio- 
mass of microorganisms. This is due partly to insufficient study of the problem 
as a whole, but also to the highly complex conditions of cultivation and the slow 
rate of growth of tissue cultures and the need for using media such as blood, 
embryos or  multicomponent substrates containing a full range of amino acids and 
other valuable additives as media. It will thus be clear that the use of tissue cul- 
tures for food purposes. would be completely unsuitable, not to mention the tech- 
nical difficulties of cultivation. 

A useful addition to the astronaut's diet would be some species of marine 
invertebrates, grown separately or in conjunction with fish. According to re- 
sults obtained by various authors , mollusks and crustaceans are most interest- 
ing in this respect. 

Mollusks (oysters, mussels) have long been used as human foods, and the 
calorific value of their meat is higher than that of fishes such as carp, cod and 
pike-perch. However, their use as components of a closed ecological system 
can hardly be justified, because they have a large shell and a long cycle of 
development. 

Crustaceans are more promising as objects for study and use. 

Artemia Salina L. (order Branchipoda) , for instance, passes through a 
complete cycle of development in 6-22 days, it is resistant to contaminants in 
the water, and the adults use Chlorella and Scenedesmus as sources of food. 
The eggs of these crustaceans can withstand drying and freezing without detri- 
ment to their development. 

/385 - 

- 
ties: tolerance to lack of oxygen and contamination of the medium, considerable 
accommodation as regards food (they eat protococcal algae , bacteria, plant pol- 
len). These crabs readily eat fish. However, to obtain 50 g protein daily, al- 
most 50% of the human protein requirement, from Daphnia, with a productivity 
of 200 g/m3, the cultivation volume would have to be 31.3 m water, and at the 
present stage this considerably restricts the possibility of their use. 

Crabs of the genus Daphnia (order Cladocera) possess many positive quali- 
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Crabs of the genus Gammams (order Amphipoda) are possibly more promis- 
ing for study. Gammarus is omnivorous, feeding on decaying plant remains, 
debris , the bodies of dead marine animals, and other organic products. Gam- 
maws will readily eat chicken [5]. An interesting species is Gammarus locusta, 
capable of existing and developing out of water. Calculations show that to obtain 
50 g protein daily by the use of G. locusta, an area of 8.2 m is sufficient. 

Y 2 

Another possible source of human food during long space flights is fish. 

Fish meat is not inferior to beef in food value and assimilability , and it 
contains first-class proteins and readily assimilated fats. Fish meat has a high 
content of phosphorus compounds (up to 0.3% of the fresh weight) , vitamins , 
especially vitamin B 

mineral substances and trace elements, playing an important role in human nu- 
trition. 

which makes vegetable proteins more easily assimilated, 12' 

However, only a few species of fish, which can adapt themselves to the 
specific conditions in which they are kept (restricted volume of water and oxygen, 
absence of variety of food), can live in small closed spaces. The fish must also 
breed readily and possess a rapid rate of growth. Species of fish possessing 
these properties to a varying degree include the white amur, silver carp, 
common carp and tilapia. The mean daily increase in weight of these fish is 
1.3-4.8 g , their oxygen consumption 0.1-1.4 mg/h/g body weight, optimal 
temperature 23-27', and optimal pH 6-8. 

The species of the genus Tilapia which has received most study is Tilapia 
mossambica (Peters), This species is highly accommodating in its requirements 
and can live in tanks with very low oxygen concentration and in water with a wide 
range of pH values (from 4 to 10). The tilapia becomes sexually mature in 3-4 
months and by the age of 10 months may achieve a weight of 850 g. Adults are  
omnivorous and eat both plankton organisms and plants. An experiment has also 
been carried out in which solid waste products of human metabolism were used 
as food for tilapia [123. 

From the point of view of the possibility of storing the eggs for a long time - /386 
and then reproducing the stock later, the spawning cyprinidonts are worthy of 
attention because their eggs can be stored in a dried state for considerable 
periods. 

On the assumption that the whole of the essential animal protein required 
to meet a man's daily needs (50 g) must be obtained entirely from fish meat, 
the fresh weight of meat required would be 396 g (calculation f o r x o  mossambica). 
To obtain this amount of meat, four fishes aged five months, each weighing 180 
g, would be required every day. To use this number of fish daily, it would be 
necessary to have five age groups, with 120 fish in each, and, in addition, to have 
six adults (4 females and 2 males) for breeding. The total weight of these fish 
would be 51.6 kg. With a stocking density of 15 g fish per liter, in order to 
keep this number of fish 3440 liters water would be required, and the whole 
population would utilize about 112 liters oxygen daily. 

It thus follows that the most vulnerable aspect of tilapia as a possible compo- 
nent of the life-support system for small closed spaces is the fairly considerable 

I 
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weight (about 3.5 tons) of medium where it can live. However, there is reason 
to suppose that the stocking density of fish per unit volume of water and their 
rate of growth may both be increased, and if it is remembered that only part of 
the astronaut's daily requirement of animal protein will be met by fish meat, the 
weight and volume of the tank for the fish may be substantially reduced. Certain 
species can thus be recommended for breeding on board the spacecraft for long 
flights. 

The domestic hen is also of considerable interest as a source of first-class 
protein and animal fat. The attractiveness of the hen as a heterotroph for 
growth on board the spacecraft is connected with its rapid rate of growth, ease 
of reproduction and, more especially, with the possibility of obtaining food prod- 
ucts of first-class quality from the nutritional and psychological aspects. 

On the basis of data reported by a group of workers [l), it may be calcu- 
lated that to obtain 50 g protein in the form of chicken and eggs, a constant 
number of 44-46 adult and young birds must be kept. Such a flock would con- 
sume about 1360 liters oxygen daily. 

It is particularly worth mentioning that the amount of nutritive substances 
which a hen must receive (approximately 165 kcal/kg body weight) can be pro- 
vided to a large extent by feeding with offal (30 kg bird offal daily), marine in- 
vertebrates (up to 50 g) , leaves of higher plants (80 g beetroot leaves daily) , and 
solid waste products of humah metabolism. 

It may thus be postulated that if birds (hens) are included in the life-support 
system, the problem of obtaining first-class food products can be solved most 
economically because of maximal utilization of residues and waste products. It 
must be remembered, of course, that to keep the required number of birds, a 
large quantity of oxygen (up to 1360 liters) per day must be provided, 

which can be used directly as human food, and which are, consequently, of the 
greatest interest as objects for keeping on the spacecraft or  interplanetary or- 
bital stations, Unfortunately, both birds and fishes, and also some species of 
marine invertebrates, in turn require a certain amount of first-class animal 
protein. For hens, for example, the daily requirement of digestible animal pro- 
tein is about 20 g/kg body weight. Moreover, it may happen that the higher 
heterotrophs and marine invertebrates used directly as human food cannot fully 
utilize human metabolic products and the whole biomass of algae and leaves of 
higher plants used as oxygen producers. The need arises for including among 
the heterotrophs what are known as primary utilizers of organic matter. 

ganisms: However, even members of the lower heterotrophs such as the earth- 

So far, we have discussed mainly the species of heterotrophic organisms 

For this purpose we have examined a series of lower heterotrophic or- 

worm Enchytraeus albidus Henle, the midge Chironomus dorsalis Meig, the 
house fly Musca domestica L. the Asiatic locust Locusta migratoria, and cer- 
tain others, despite definite advantages in their biological characteristics, 
cannot really be recommended for inclusion as heterotrophs because of diffi- 
culties of cultivation and the negligible economic gain from their use. Clearly, 
organisms forming active sludge are more promising in this respect. The ac- 
tive sludge used for biological purification of sewage consists of a stable bio- 
coenosis of various bacteria, protozoa, flagellates, and the larvae of worms and 
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insects. Active sludge contains up to 40% protein per dry weight and it is a 
source of first-class protein for higher heterotrophs. The diet of a bird may 
contain up to 5-10% of active sludge. 

One of the possible variants of the food 
chain l'man-heterotrophs" is shown in the fig- 
ure. It should be remembered that the various 
species of animals shown in the diagram can be 
replaced by others (instead of birds, goats, 
pigs, etc., can be used), and certain units, such 
as the fish and marine invertebrate unit, may be 
completely left out of the life-support system if 
they are unnecessary. 

In conclusion, some attempt should clearly .- /388 
be made to formulate certain general demands 
which the use of heterotrophs must satisfy. The 

[ heterotrophic organisms used must: 

1. Reproduce food products of first-class 
quality, adequate in quantity and acceptable 
psychologically and with regard to taste; 

2. Fit in well with the other units of the Diagram Showing Inclu- 
sion of Heterotrophic 
Organisms in the Human life-support sy s tem; 

Diet System. 3. Be maximally reliable, i. e. , allow 
certain deviations from optimal parameters , 
be resistant to the factors of space flight, and 
so on; 

4. Be economical and, in particular, utilize 
most completely the remains of higher and lower 

autotrophs , human metabolic products , and other waste products with a minimal 
loss of energy and oxygen. 

The requirements listed above illustrate the great complexity of the problem 
of introducing heterotrophs as a source of human food for long spaceflights, a 
problem which must be solved within the very near future. 
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WATER SUPPLY FOR THE CREW DURING SPACEFLIGHTS 

A. A. Moiseyev, Yu. S .  Koloskova, Yu. Ye, Sinyak and S. V, Chizhov 

The provision of water for spacecraft crews is one of the more important 
systems of human life support. The design and construction of a water supply 
system for the crew in closed confined spaces are dependent in principle on the 
duration of the flight, the places where the inhabited objects are to function, the 
properties of cosmic space, and certain other factors. In short expeditions, the 
crew can best receive its water supply from reserves of drinking water. In this 
case the normal levels of water consumption are of great importance. However, 
there are no single normal standards for water consumption by man. According 
to data in the literature, the volume of drinking water required by a man per day 
ranges from 1600-2200 ml [11,12,13,18,20, 221. 

- /389 

A system of water supply based on the use of reserves necessitates the de- 
velopment of ways and means of storing and disinfecting of water. The most ef- 
fective preservatives of drinking water are coumasin and ionic silver. 

In flights lasting several weeks, the need arises for creating an artificial 
water circulation based on physico-chemical or biological processes, 

During the last few years a number of physico-chemical methods have been 
suggested for regenerating water from human and animal metabolic waste prod- 
ucts to supply the crew of spacecraft: distillation under atmospheric pressure, 
vacuum distillation, extraction, vacuum distillation combined with high-temper- 
ature pyrolysis of volatile compounds , a catalytic method under atmospheric and 
reduced pressures, lyophilization, a method using semipermeable membranes , 
and so on. Making allowance for the specific conditions on board the spacecraft, 
and the degree of perfection of water regeneration methods, it seems that the 
methods of vacuum distillation , lyophilization, the catalytic method, or combina- 
tions of these may be capable of practical application. 

By means of vacuum distillation at 3 mm Hg and 6-7O, water was obtained 
which, after additional purification with activated charcoal, satisfied hygienic 
standards [ll]. 

Welch and co-workers E211 designed a vacuum distillation apparatus which 
was used in a simulated spacecraft cabin. Two subjects consumed water ob- 
tained from human metabolic waste products at a reduced pressure and tempera- /390 
ture of 35-37O for a period of 30 days. The water was purified additionally by 
activated charcoal filters. 

Investigations showed that the vacuum distillation method can be used with- 
out resort to raised temperatures, and since it utilizes the vacuum of cosmic 
space, this may prove to be a promising method of water regeneration. Dis- 
advantages of this method include the need for an additional purification system 
based on filters of ion-exchange resins or activated charcoal, because the con- 
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Figure 1. Diagram of 
Laboratory Apparatus 
for Water Regeneration 
by the Lyophilization 
Method. 1) Vaporizer- 
Sublimator; 2) Receiver 
of Regenerated Water; 
3) Cryoscopic Mixture; 
4) Trap; 5) Condenser- 

Refrigerator. 

densate obtained by vacuum distillation is contaminated 
with volatile organic substances, ammonia and other 
compounds. Attempts were naturally made to devise 
a method free from this disadvantage. One such 
method is lyophilization. The process of lyophiliza- 
tion is usually carried out in a vacuum of the order 
of mm Hg and at reduced evaporation tempera- 
tures (sublimation). By making use of differences in 
the volatilities and molecular weights of substances 
present in the original product, and the absence of 
decomposition or formation of new volatile compounds, 
it is possible to separate comparatively pure water 
from various food products [4]. However, when the 
lyophilization method was used to regenerate water 
from human metabolic waste products, a liquid with 
unpleasant taste and smell was obtained [19]. 

Regeneration of water by lyophilization without 
the need for additional purification was first success- 
fully accomplished by means of a specially designed 
apparatus. A scheme of a laboratory apparatus for 
water regeneration from human metabolic waste 
products by the lyophilization method is shown in 
Fig. '1. 

Water-containing human metabolic waste prod- 
ucts are placed in the vaporizer (sublimator). 
During evacuation of the regeneration system by the 
vacuum pump, intensive vaporization of the original /391 

liquid takes place, and this is accompanied by a sharp fall of temperature. If 
insufficient heat is supplied to the vaporizer, the solution for regeneration spon- 
taneously freezes. Water vapor and some of the volatile compounds pass into 
the condenser-refrigerator , where freezing of the moisture and pollutants con- 
densing under these conditions takes place. The uncondensed compounds are 
evacuated by the pump. Since violent frothing of the original solution is ob- 
served in vacuo, traps were used to prevent drops of solution from entering 
the condenser-refrigerator. After complete extraction of water from the solu- 
tion, the system is filled with air to atmospheric pressure and the regenerated 
water formed during thawing of the ice enters the receiver. 

urine as one of the most highly contaminated sources of water and one of the 
most difficult to regenerate. Regeneration took place under a vacuum of 
lom3 mm Hg, .measured by a thermocouple vacuum gauge, and the temperature 
of the condenser-refrigerator was maintained at between -35 and -78* (a cryo- 
scQpic mixture of "dry ice" and alcohol). The vaporization temperature varied 
from -loo to +2*. The results of tests of the lyophilization method for regen- 
erating water from human urine are given in Table 1. 

The laboratory apparatus described above was used to regenerate water from 
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This table gives a hygienic analysis of the water obtained without additional 
purification. Water regenerated from urine by lyophilization is a colorless, 
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transparent liquid with neither odor nor taste. As the table shows, the indices 
of quality of the water satisfy the demands made on drinking water. Toxicological 
investigations conducted on batches of rats showed that the regenerated water was 
perfectly f i t  for consumption. A characteristic feature of the water obtained is 
its extremely low content of salts and trace elements. If this water is to be con- 
sumed by man for long periods, it must be enriched by appropriate mineral com- 
ponents. 

TABLE 1. Results of Hygienic Analysis of Water 
Regenerated From Human Urine by the 

Lyophilization Method 

Indices of Quality 

pH. ................. 
Transparency, cm ....... 
Color, deg.. ........... 
Oder, points.. ......... 
Oxygen Demands, mg 02/liter 
Ammonia Nitrogen, mg/liter 
Nitrite Nitrogen, mg/liter . . 
Nitrate Nitrog n mdl i te r .  . 
Phosphates,mg/liter ..... 
Sulfates, mg/liter. ....... 
Hardness,mg-eq/liter . . . 
Urea, mg/liter ......... 
U r i c  Acid, mg/liter ...... 
Creatine, mg/liter ....... 

Chlorides,mghter ...... 

Number of Bacteria Count, Bacteria/ml 

x a, 
Tu 
!3 
w 
0 

W 

0,1-6,3 
28-30 

0 
1-2 
3-5 
2-3 

0,003-0,06 
0 
7 

a, 02--0,3 
0-7 

0 
Traces 

0 
0 

50-100 

6,5-8 
30 
20 

2 
2 4  
1 

o,ni 
2 -40 
203 
091 

20-80 
7 
0 
0 
0 

100 

Commas represent decimal points. 

With the lyophilization method as a basis, and utilizing the vacuum of cos- 
mic space and the negative temperatures of the shaded side of the spacecraft, a 
water regeneration system involving minimal expenditure of energy can be 
created. 

However, the lyophilization method has a number of disadvantages. First, 
the use of low temperatures €or freezing water vapor requires orientation of the 
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spacecraft, and this is not always possible. Second, if a lyophilization system 
based on the use of the vacuum of cosmic space is created, allowance must be 
made for the inevitable loss of uncondensed molecules, ifor example, of nitrogen, 
oxygen, carbon dioxide and certain other compounds. In addition, some of the 
water is lost in proportion to the vapor pressure at the temperatures used. 

A method which is free from these disadvantages is one based on the conver- 
sion of all volatile toxic strongly smelling and biologically active compounds of 
organic and inorganic origin into simple oxides or  elements. Since these com- 
pounds consist mainly of nitrogen, hydrogen, carbon, oxygen and sulfur, their 
oxidation will produce water, carbon dioxide, and oxides of sulfur and nitrogen. 
By choosing appropriate conditions of oxidation, elementary nitrogen, water, 
carbon dioxide and oxides of sulfur can be obtained. The carbon dioxide is 
readily removed by absorbents in common use. The quantity of sulfur compounds 
in the volatile and gaseous constituents of the urine, condensate of atmospheric 
moisture and water used for domestic and hygienic purposes is small, s o  that the 
appearance of large concentrations of sulfur oxides in the regenerated water is 
improbable. Oxides of sulfur can be converted in water into sulfites or sulfates 
and are then easily removed by ion-exchange resins. 

Voltatile compounds of human metabolic waste products can be converted into 
oxides and elements by various physico-chemical methods: 1) thermal decompo- 
sition and oxidation at temperatures of 900-1000° or higher; 2) ozonization; 3) 
by an oxidative catalytic method; 4) by oxidation in a discharge; 5) by ultrasonic 
oxidation, and s o  on. 

- /393 

Thermal oxidation requires considerable energy expenditure and, conse- 
quently, it can be used only when corresponding supplies of energy are available 
on board the spacecraft. 

Ozonization, which is widely used in the practical deodorization of drinking 
water [3], is of considerable potential value for regeneration of water from hu- 
man metabolic waste products. The comparatively high energy expenditure re- 
quired for ozone production may be provided by the ultraviolet component of the 
solar spectrum. Oxidation in a discharge and ultrasonic oxidation are still 
practically undeveloped. At the present time, therefore, the most- realistic 
method of oxidation of volatile compounds is the catalytic method. The literature 
on complete catalytic oxidation of organic compounds contained in human meta- 
bolic waste products is scanty. We know, for example, that methane is oxidized 
on copper (200°), molybdenum (300°), silver (320') and vanadium (480O) catalysts 
[l]. In the presence of the same catalysts, propane, butane and the higher homo- 
logs of the aliphatic hydrocarbons a re  oxidized. It has been shown [6] that acetic 
acid gives rise to carbon dioxide and water on magnesium-chromium and copper - 
chromium' catalysts; methylethylketone, butyric aldehyde, and ether burn with 
the formation of a mkture of organic acids. 

Extensive investigations have been carried out on the choice of catalysts 
for oxidation of carbon monoxide into carbon dioxide. Effective catalysts based 
on oxides of manganese, copper, silver and cobalt [5 ,  91 and chromite cata- 
lysts-oxidizing agents based on silver permanganate [2] have been discovered. 
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However, the conditions under which oxidative catalysts must work in a 
water regeneration system are far different from those usually adopted. For 
example, many catalysts have their activity reduced when working in a humid 
atmosphere, but in a water regeneration apparatus the relative humidity will be 
in the region of 100%. Moreover, catalysts very often exhibit marked selectivity 
with respect to certain classes of compound. In the water regeneration system, 
however, the catalyst must effectively oxidize all volatile, strongly smelling, 
toxic and biologically active compounds. 

Konikoff and Reynolds [ l5 ,  161 have developed a water regeneration system 
based on high-temperature oxidation of the voltatile compounds of the urine. At 
800-1000° , in a reaction zone fitted with a platinum grid under a vacuum of 60 
mm Hg, all volatile compounds were destroyed, thus producing water f i t  for 
consumption. These workers performed an experiment using human subjects. 
For six days the subjects drank water regenerated from the urine by the method 
just described. No effects on the subject were found. 

because temperatures of 800-1000° C are difficult to attain (at least during 
forthcoming flights of short duration). 

- /394 

This method is difficult to  apply under the actual conditions of space flight, 

The present authors have developed a catalytic method of water regeneration 
from all moisture-containing human metabolic waste products using oxide cata- 
lysts. Catalysts prepared on the basis of oxides of certain elements have been 
shown to work at much lower temperatures [SI. 

The regeneration system based on the use of oxidative catalytic processes 
can operate at either atmospheric or reduced pressures, A diagram of such an 
apparatus is given in Fig. 2. 

Water-containing waste products of human and animal metabolism are 
placed in the receiver-vaporizer. During heating, water vapor and volatile 
organic compounds enter the catalytic furnace, where they are completely mi- 
dized to nitrogen, water, carbon dioxide and oxides of sulfur. The tempera- 
ture of the catalytic process is measured by a thermocouple. The vapor passes 
through the condenser-refrigerator , at a temperature of 10-18O , where it con- 
denses and passes into the pure water receiver, while the uncondensed gases 
continue through the flow meter and blower. The atmospheric pressure is 
maintained by a pressure equalizer. The tap 8 is used for taking samples for 
gas analysis and tap 10 is used when water regeneration is to be carried out 
under reduced pressure. 

The catalytic method was used to regenerate water from urine, condensate 
of atmospheric moisture, and water used for domestic and hygienic purposes. 
The relationship between the quality of the regenerated water and the tempera- 
ture of catalytic oxidation, rate of circulation of air in the closed circuit, quan- 
tity of catalyst, nature of the catalytic oxidizing agent, and the geometric param- 
eters of the catalytic reactor was investigated. 
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Extensive tests were carried out on the regenerated water to determine its 
hygienic standard. The following methods were used: oxygen demand (perman- 
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ganate and bichromate methods), pH, transparency, color, odor, ammonia ni- 
trogen (colorimetric method using Nessler 's reagent), organic nitrogen 
(Kjeldahl method), nitrate nitrogen (colorimetric method using Griess's reagent), 
nitrite nitrogen (colorimetric method with disulfophenol indicator), sulfates (com- 
plexometric method using Trilon B indicator), chlorides (Mohr 's method), phos - 
phates (by Denny's ceruliomolybdate method), hardness and calcium (complexo- 
metric method using Trilon B indicator), urea (Borodin's method), creatinine 
(Folin's method), uric acid, and also the number of colonies of Escherichia coli 
(bacterial count). 

The results of hygienic analysis of water obtained from urine by the cataly- 
tic method are given in Table 2. These results were obtained for water re- 
generated under the following conditions: temperature of catalyst 150°, rate of 
circulation 4-5 liters/min, temperature of condenser 18" temperature of 
vaporization of original product 50°. The pressure of the vapor and air  medium 
in the circulation system was atmospheric. Water regeneration took place on a 
catalyst prepared on the basis of manganese oxides. 

Water obtained from human urine by the catalytic method is a colorless, 
transparent liquid with neither smell nor taste. The oxygen demand of the water 
(volume of oxygen required to oxidize organic contaminants), which is 1-5 mg 
Oz/liter, and also the absence of organic nitrogen, demonstrate that minerali- 
zation of the organic constituents of the urine is practically complete. As Table 
2 shows, this water without further purification satisfies the hygiene standards 
of drinking water. 

The quality of the water is highly dependent on the vaporization temperature 
of the original solution. Whereas the water obtained at a temperature of 50° 
fully satisfies the hygienic standards, at a temperature of looo or above, 
slightly higher concentrations of ammonia and nitrites are observed, but these 
are readily absorbed by ion-exchange resins. The increase in ammonia con- 
centration depending on vaporization temperature of the original solution may be 
attributed to an increase in the rate of decomposition of urea, hydrolysis of 
which is accompanied by the formation of ammonia and carbon dioxide. At 50° 
the degree of decomposition of urea is slight; if, however, water regeneration 
takes place at higher temperatures, the rate of urea decomposition rises, and 
most of the ammonium is set free after removal of a certain volume of water 
from the original solution. The quantity of ammonia in regenerated water as a 
function of the degree of extraction of water from the urine is shown in Fig. 3. 

' ! 
I i 
1 
I 
I 
/ 

Figure 3. Changes in Ammonia Con- 
centration in Distillate Depending on 
Degree of Extraction of Water From 
Urine. 1) Ammonia Concentration in 
Distillate with Catalytic Reactor not 
Working; 2) Ammonia Concentration 

with Reactor Working 
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Curve 1 in Fig. 3 was obtained for a circulation apparatus when the vapori- 
zation temperature of the original product is looo. In this case the catalyst in 
the reactor is uncharged. Curve 2 corresponds to the increase in ammonia de- 
pending on the degree of water extraction with the catalytic reactor working. It 
is clear from Fig. 3 that up to 80-90% of water extraction, the distillate con- 
tains a negligible quantity of ammonia, but thereafter a sharp increase is ob- 
served in its concentration. The sharp rise in ammonia is evidently due to an 
increase in the rate of decomposition of urea by the action of catalytic salts, 
whose catalytic action begins to be exhibited distinctly only at high concentra- 
tions of solid residue of the urine. 

The quality of the regenerated water and productivity of the apparatus are 
influenced by the barometric pressure in the circulation system. A reduced 
pressure of 360 mm Hg created by a blower makes it possible to obtain drinking 
water for a long period, without the use of an additional purification system, 
with a considerably increased output of the regeneration system. A distinguish- 
ing feature of the work of the apparatus at reduced pressures is a sharp decrease 
in the formation of gaseous products. 

/397 - 

These investigations showed that catalytic system prepared on the basis of 
oxides of chromium, nickel and manganese may be used as catalytic oxidizing 
agents for water regneration from human urine. 

In the limited room available in the spacecraft cabin, a considerable pro- 
portion of waste products is accounted for by condensate of atmospheric mois- 
ture (1000-1200 ml/day per person) and by water used for domestic and hygienic 
purposes (1800-2000 ml). Regeneration of water from these sources is a task 
of no less complexity, despite the fact that the concentration of contaminants in 
the condensate and domestic water is much lower than in the urine. The diffi- 
culty in creating a reliable method of regenerating water from condensate of 
atmospheric moisture is the complexity and indefiniteness of its chemical 
composition. The condensate may contain secretions of the sweat and sebaceous 
glands, composed of fatty acids and their esters, proteins, urea and creatinine. 
The condensate is contaminated by volatile substances found in the urine and 
feces (amines, ammonia, mercaptans, hydrogen sulfide). Voltatile components 
of covering materials, substances formed as a result of operation of equipment 
and instruments on board the spacecraft, and volatile compounds present in 
mixtures used for hygienic and disinfecting purposes make additional difficulties 
in the work of developing a method of water regneration. Chemical analysis of 
the condensate obtained in one chamber showed that it contained the following 
contaminants : ketones , aldehydes, alcohols, amino-compounds , ammonia, and 
other compounds. 

The chemical composition of the condensate as described above refers only 
to the particular conditions under which it was collected. If the environmental 
conditions in the spacecraft cabin are changed, the chemical composition of the 
condensate will naturally be different. Consequently, when developing a system 

sality of the selected methods is important. From the energetic point of view, 
it is naturally convenient to regenerate water from condensate of atmospheric 
moisture by means of adsorbents and ion-exchange resins. However, it is an 
extremely difficult problem to create an adsorbent for a medium of indefinite 
and extremely varied chemical composition. The most acceptable solution to 

/398 
-of regenerating water from condensate of atmospheric moisture, the univer- 
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the problem of developing a system of water regeneration from the condensate 
of atmospheric moisture is the method of oxidation of all volatile organic com- 
pounds. For this purpose we have used the method of catalytic oxidation based 
on the design of the laboratory regeneration apparatus described above. The 
conditions for water regeneration from condensate of atmospheric moisture 
and water used for domestic and hygienic purposes were as follows: 1) tem- 
perature of catalytic furnace 150°, 2) temperature of condenser 15-18', 3) air 
circulation rate 4-5 liters/h. The results of these investigations are  sum- 
marized in Table 3. 

TABLE 3. Chemical Composition of Water Obtained from 
Condensate of Atmospheric Moisture and Water Used for 

Hygienic and Domestic Purposes 

Indices of Quality 

Oxygen Demand, mg O~/ l i te r .  
pH ................... 
Transparency, cm ........ 
Color, d e g . ,  ........... 
Odor, Points, ........... 
Ammonia Nitrogen, rnqliter. 
Nitrate  Nitrogen, mg/ iter . . 
Nitrate Nitrogen, mg/liter . . 
Or anic Nitro en, md l i t e r .  . f ates, mg/fiter ........ 
Chlorides, mg/liter. ...... 
Phosphates, mg/liter . . . . . .  
Calcium, mg-e liter. ..... 
Urea, mg/liter. ......... 
Alcohols, mg/liter. ....... 
Aldehydes, mdli ter .  ...... 

Hardness, mg-e 

...... ...... 

...- 

Nagnitude of In- 
jices of uality 
o r  Water % egen- 

Commas represent decimal points. 
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Water obtained by the catalytic oxidation method from condensate of atmo- 
spheric moisture and hygienic and domestic water is a transparent liquid with no 
taste or smell. The indices of water quality satisfy the standards for drinking 
water. 

However, it must be remembered that to give the regenerated water its 
customary taste qualities, hardness giving salts and trace elements must be 
added. 

From repeated hygienic analyses of the regenerated water, it was con- 
cluded that it is suitable for drinking. This conclusion was confirmed experi- 
mentally in investigations of laboratory animals (rats), For three months the 
rats drank water regenerated from human urine. 

These investigations showed that the regenerated water has no toxic action 
on rats. 

Analysis of the results of combined hygienic, bacteriologic and toxicologic 
investigations indicated that experiments could safely be carried out on man. 

tested on three human subjects for 30 days. Clinical and physiological tests 
were performed on the subjects before, during and after the experiment. The 
water metabolism, cardiovascular and respiratory systems, and hematologic 
and biochemical indices were investigated. As  a result of these investigations 

f i t  for human consumption as drinking water. The human subjects taking part 
in the experiment showed no pathological changes or manifestations of toxicoses. 

The possibility of consuming water regenerated by the catalytic method was 

it was concluded that water regenerated from urine by the catalytic method is /399 

REFERENCES 

1. Alekseyevskiy, Ye. V. : "Aktivnava dvuokis' margantsa" (Active Manganese 
Dioxide), Leningrad Branch, Scientific and Technical Press Thimteoret" 1937. 

2. Katz, M. : In: "Geterogennvy Kataliz" (Heterogeneous Catalysis), [Translated 
from the English], Foreign Literature Press, 1955. 

3. Kul'skiy, L. A. and Shevchenko, M. A. : "0kislitel'ny.y metod uluahshemvs 
kacheetva pripodnykh vod" (An Oxidative M6tliod of Improving the Quality 
of Natural Waters), Medgiz, 1958. 

Drying), Moscow, USSR Acad. Sci. Press, 1951. 

--, 

4. Lykov, A. V. and Gryaznov, A. A. : Molekulyarnaya sushka (Molecular 

5. Lamb. : American Patent No. 1422211, 1910. 
6. Margolis, L. Ya. and Todes, 0. M. : In: *Geterorsennw katalizttI (Heterogeneous 

7.  Bobe, L. S. , Gusarov, B. G . ,  Koloskova, Yu. S., Novikov, V.M., Sinyak, 
Yu. Ye., Farafonov, N. S. and Chizhov, S. V. : Upravlyayemyg biosintez i 
biofizika populyatsiy. Tezisy dokl. (Controlled Biosynthesis and Bio- 
physics of Populations. Abstracts of Proceedings), Krasnoyarsk, p. 121, 
1965. 

blems in Space Biology), Vol. 3, p. 104, 1964. 

/400 Catalysis), Nauka, p. 6, 1949. - 
I 

8. Sinyak, Yu. Ye. and Chizhov, S. V. : Problemv kosmicheskov biolo& (Pro- 

371 



9. Frazer, Scalion. : American Patent 1, 1345, 1328, 1910. 
10. Koloskova, Yu. S. , Moiseyev, A. A. , Samsonov, N. M. , Sinyak, Yu. Ye. and 

Chizhov, S. V. : 
dokl., (Controlle 
of Proceedings), Krasnovarsk, p. 121, 1965. 

11. Bambeneck, R.A. and Zeff, I.D. : Astronautics, Vol. 4, No. 2, 34, 1959. 
12. Calloway, D.:  , Vol. 44, No. 5, 347, 1964. 
13. Claman, H.: ent of the Space Vehicle. Human 

Factors in Jet and Space Travel. N.Y., Roland Press Co., 1961, p. 330. 
14. Hendel, F, : Proceedings of the Institute of Environmental Sciences, 1962, 

p. 225. 
j 15. Konikoff, J. and Reynolds, L. : Aerospace Med., Vol. 34, No. 7, 622, 1963. 
16. Konikoff, 3. andReynolds, L.: Amer. Astronaut. SOC. PaDeu , 1961, p. 

I 17. Konikoff, J. and Miller,  R.3.: Spacecraft and Rockets, Vol. 2, No. 5, 793, 

18. Maclin, M. J. : Spacecraft and Rockets, Vol. 3, 349, 1964. 
19. Sendory, J. and Collison, H. Aeromace Med . , Vol. 30, No. 9, 640, 1959. 
20. Wallman, H. and Lubitz, G .  : Aerospace Med., Vol. 36, No. 1, 35, 1965. 
j21. Welch, B., Morgan, T. and Ulvedal, F. : Aerospace Med., Vol. 32, 583, 1961. 
22. Whisenhunt. : In: Advances. Astronaut. SOC. , Vol. 7, 325, 1961. 
23. Zeff, I. and Rambenek, R. : Aerospace Med., Vol. 32, 280, 1961. 

I 793. 

1965. 

372 



POSSIBLE USE OF WATER CONDENSED FROM A VIABLE CABIN 
ATMOSPHERE FOR DRINKING AND OTHER 

DIETARY PURPOSES 

1 V. S. Khalturin, Ye. Ya. Shepelev, V. A. Kryuchkov, and 
I N.A. Gaydamakin 

One of the simplest ways of regenerating water during space flights is the 
use of a condensate of water vapor obtained from the cabin air by physical dry- 
ing [4, 51. 

The atmosphere of living rooms is contaminated by a number of volatile 
substances, the source of which may be man himself or  the materials used in 
the construction and partitioning of the cabin, in electrical insulation, and other 
purposes. Most of these substances pass into the condensate when water vapor 
is condensed, making it unsuitable for direct use as drinking water. 

In this paper we describe the results of a preliminary toxicologic investi- 
gation of condensate of atmospheric vapor from a hermetically closed cabin ob- 
tained while a person stayed in it for several days, and of an investigation of the 
effectiveness of its purification by means of ion-exchange resins and activated 
charcoals (KU-2, EDE-lop, AV-27, BAU, and so on). Suitability of water 
obtained from the condensate for drinking purposes was investigated in a long- 
term experiment on young rats, after which the regenerated water was used in 
a human diet. 

/401 

The material subjected to toxicologic investigation was a condensate obtained 
during an experiment, which lasted for several days, in a pressure chamber 
using human subjects, the air being regenerated by a supply of fresh oxygen and 
by means of a chemical lime absorbent. The chemical composition and hygienic 
properties of the condensate and the water obtained from it are given in Table 1. 
Examination of the data given in Table 1 shows that the condensate contained 
large quantities of ethyl alcohol, due to the fact that the subjects used toilet ar- 
ticles containing ethanol. Since this is poorly absorbed by ion-exchange resins 
and charcoals, nearly all the alcohol contained in these toilet preparations found 
its way into the regenerated water. 

In the course of the experiment the concentration of ethyl alcohol in the con- 
densate varied within wide limits (up to 3-4 g/liter) depending on the intensity of 
its entry into the cabin atmosphere. The oxygen demand of the condensate, which 
was mainly determined by its ethanol concentration, varied within equally wide 
limits. Accordingly, a series of experiments with 0.5% ethanol solution was 
included in the toxicologic investigation. 

To obtain preliminary toxicologic data for the condensate, frog (Rana tem- 
poraria) embryos at the late blastula stage [l] were used. The embryos were 
kept in batches of 100 each in tap water (control), in purified and unpurified con- 
densate, and also in 0.5% ethanol solution in tap water. 

I 
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TABLE 1. Chemical Composition and Hygienic Properties 
of Condensate Before and After Purification 

by Absorbents 

Indices of water and contaminants 
contained in it 

................ Odor, points.. 
Color, deg. .................. ...... .................. Transparency (test type), cm. 
Turbidity.. 

Taste.. ..................... 
pH ........................ 
Cations, mg-eqhiter 
Anions (fatty acids), mg-eq/liter .... 
Ethyl alcohol, mg/liter. 
Oxygen demand, bichromate, 

............ 
.......... 

mg02/liter ............... 

Indices of water and amount 
of contaminants 

Before After 
purification purification 

3-4 1 
3 

20 > 30 
Precipitated None 
during storage 

alcohol 

- 

Not detected Traces of 

7.3 7.2 
2.25 0 
2.5 0 

"300 2 94 

237 204 

Including that due to 
Ethanol 
Other contaminants ....... 
Oxygen demand, permanganate, 
mg 02/liter ............ 

Nitrogen (Kjeldahl), mg/liter. ..... 
Ammonia, mg/liter ............. 

mg/liter.. ................ 
Formaldehyde, mg/liter .......... 

mg/liter.. ................ 
Amines and amino acids, mg/liter ... 
Ketones, mg/liter .............. 
Calcium, mg/liter .............. 
Magnesium, =/liter.. .......... 
Nit r i te  nitrogen, mg/liter ......... 
Nitrate nitrogen, mg/liter. . e . . . . 
Chlorides, mg/liter. ............ 
sulfates, mg/liter .............. 
Copper, mghiter. .............. 
Iron, mg/liter. ................ 
Coli titer.. .................. 
Total bacterial count ............ 

Hydrogen sulfide and mercaptans, 

Acetaldehyde and other aldehydes, 

70 
70 
75 

1.5 
Traces 

20 
Traces 

20 
16 

7 
0.4 
0.1 

Traces 
Traces 

3.25 
Traces 

Over 500 
No growth 

196 
8 

40 
0 

0-0.3 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Over 500 
No growth 
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The embryos developed identically in the purified condensate, in water con- 
taining ethanol, and in the control series, and by the 5th day of the experiment 
they had changed into free-swimming larvae. Their subsequent development, 
which was examined for the next 10 days, showed no difference between the con- 
trol and experimental batches. Development of the embryos kept in unpurified 
condensate ended at the end of the first or beginning of the second day of the ex- 
periment at the late gastrula or  neurula stage, and later all the embryos died. 

One of the causes of this high toxicity of the condensate could be ions of 
copper and, perhaps, of other metals, for condensation of the water vapor took 
place on a metal surface. To test this hypothesis, an additional experiment 
was carried out using unpurified condensate in which all cations were replaced 
by sodium ions by means of the cation-exchange resin KU-2. 

/402 

In these experiments 90% of the embryos died at the same stage as in the 
series with unpurified condensate, 5% of the embryos showed retardation in size 
and developmental defects of the caudal region at the moment of emergence from 
the m.embranes, and only 5% of the embryos completed their development without /403 
visible disturbances and shed the egg membranes at the same time as  the con- 
trols. 

These results show that the well-marked toxic effect of the unpurified con- 
densate is notdue to contamination with copper or  other ions so much as to the 
other substances contained in the condensate. At the same time, the results 
demonstrate the great effectiveness of the methods used to purify condensate. 
Ethyl alcohol had no significant effect on development of the embryos, whether 
acting alone (in 0.5% solution) or in possible combination with unidentified con- 
taminants in the ,purified condensate. 

In the next experiments to study the effect of drinking regenerated water, 
male albino rats initially weighing 170-180 g were used. The experimental 
animals were divided into four groups, with 15 rats in each. The animals of 
Group 1 received purified condensate, with the hygienic properties indicated in 
Table 1, to drink. The animals of Group 2 received the same condensate with 
the addition of mineral salts to correspond to their content in Moscow tap 
water, those of Group 3 received tap water with the addition of 0.5% ethyl alcohol, 
and the rats of Group 4 received plain tap water (controls). The experiment 
continued for 105 days. 

The state of the animals was judged from their behavior, the quantity of 
water and food consumed, changes in body weight, and the hemoglobin concen- 
tration and erythrocyte and leukocyte counts in the peripheral blood. 

During the experiment the total volume of water drunk by the animals of 
the control group was 30 liters. The animals of the experimental groups drank 
26 liters of purified condensate, 20 liters of condensate with the addition of 
mineral salts, and 18 liters of water with the addition of alcohol. Comparison 
of these results demonstrates the selective reticence of the experimental ani- 
mals to drink water containing alcohol and also condensate with corrected salt 
composition. 

The general condition of the experimental animals, their behavior andtfood 
consumption, and the dynamics of their body weight throughout the experimental 
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period were indistinguishable from those in the animals of the control group. 
The changes in blood morphology in the animals of the control and experimental 
groups were within normal physiological limits and no differences were found 
between the groups. 

At the end of the experiment 40 rats were autopsied. The animals were 
killed with ether vapor. The relative weights of the adrenals, thymus and 
spleen were determined at autopsy. Macroscopic investigations were made of 
the mucous membranes of the pharynx, larynx, trachea, gastro-intestinal tract 
and urinary bladder. Observations were made on the state of the heart, lungs, 
liver, spleen, kidneys and adrenals. 

/404 - 
On five animals of each group microscopic investigations were made of the 

liver, kidneys, proximal and distal portions of the small intestine, brain, pi- 
tuitary, thyroid, and adrenals. The organs taken for examination were fixed in 
10% neutral formalin and stained with hematoxylin-eosin. 

Analysis of the total body weight of the rats and the relative weights of the 
adrenals , thymus and spleen showed no statistically signficant difference between 
the controls and experimental groups. The slight, nonspecific pathological 
changes found in the experimental animals were also observed in the control 
animals receiving tap water to drink. Because of the identical incidence of these 
changes in the control and experimental groups, they cannot be attributed to the 
quality of the fluid consumed. 

The results of this experiment show on the whole that drinking condensate 
purified by absorbents or drinking tap water with the addition of 0.5% alcohol by 
animals for 3 .5  months caused no pathological changes in the rats and was not 
reflected in their growth. It was therefore decided to test the use of purified 
condensate in human diet. 

For the experiment on human subjects water was regenerated from conden- 
sate obtained from a hermetically closed model of a spacecraft cabin in which 
people were kept for several days. The air was regenerated by chemical 
methods. The system for collecting and purifying the condensate was constructed 
from neutral materials, and no ethyl alcohol was used in the cabin during the 
experiment, 

The regenerated water used for drinking purposes had the following chemical 
composition and hygienic indices: 
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TABLE 2 

Indices of Water 

Nitrogen (Kjeldahl), mdl i te r  . 
Ammonia, md l i t e r  ....... 
Ketones, mg/liter ........ 
Aldehydes, md l i t e r  ....... 
Indole, mdliter.  ......... 
Amines +Ammonia, mg/liter . 
Hydrogen Sulfide and 
Mercaptans, mdl i te r .  , . , . . 
Fthyl Alcohol, mdliter.  . , . . 

I Indices of Water Result 

0.84 
0.3 
0 
0 
0 
0.5 

0 
Traces 

Transparency, cm. .... 
Odor, points.. ....... 
Color. ............. 
Residue ............ 
Taste. ............. 
pH. ............... 
Cations, mg-eq/liter ... 
Anion, mg-eq/liter .... 
Oxygen Demand. ...... 

mgO2/liter.. ...... 
Permanganate Method . 
Bichromate Method. .. 

Result 

her  )30 
1 

zolorles s 
*sent 
,is tilled Water 

6.8 
0 
0 

3.6 
14.0 

During the experiment two subjects stayed in the closed cabin. The conden- /405 
sate of water vapor formed in the refrigeration unit was collected in a special 
receiver, passed through absorption columns, and its mineral composition was 
corrected by the addition of sodium, calcium and magnesium salts. 

After analysis, the purified condensate was given to one of the subjects to 

During the six days of the experiment the first subject drank 6100 ml of re- 
generated water and the other drank 6550 ml of tap water. The subject drinking 
regenerated water observed no special differences in its taste or other proper- 
ties. 

drink directly or in the form of tea. The other subject drank only tap water. 

In other experiments we repeatedly exchanged the tap water used for making 
tea on certain days for regenerated water, unknown to the subject. On subse- 
quent interrogation, the subjects were never able to detect any difference between 
the tap water and regenerated water. 

The results of physiological investigations during the experiment, together 
with the results of careful clinical examination of the subjects before and after 
the experiment, showed no change in the state of the first subject which could be 
attributed to drinking regenerated water. 

The method of purifying condensate of water vapor from the living cabin by 
means of absorption, as used in these experiments, thus proved an effective 
means of obtaining drinking water under conditions simulating the spacecraft 
cabin. 
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The quality and potability of water used for drinking purposes under ter- 
restrial conditions are governed by State Standards governing the choice of 
source of water supply and quality of water. In practice, under these conditions 
the potability of water is determined by the extent to which its characteristics 
satisfy the requirements of the State Standard for the composition of water and 
the hygienic state of the water source. 

However , when determining the potability of water regenerated from human 
metabolic products (and, in the future, from metabolic products of other bio- 
logical objects included in the ecological system), it would be incorrect to be 
governed entirely by the requirements of the existing health regulations for 
water supplies. These requirements, reflecting the natural origin of soil waters 
and the special nature of sources responsible for their polution, cannot corre- 
spondfully tothe provision of standards for the quality of artificially regenerated 
water. This is particularly true of the hygienic indices of water from springs. 

/406 In relation to regenerated water, when its composition is considered by - 
itself, since the water is known to be of artificial (and not natural) origin, the 
modern physiological and hygienic principle of assessing the quality of drinking 
water from the standpoint of its effect on the living organism [SI becomes par- 
ticularly important. On the basis of this principle, the hygienic standards gov- 
erning the composition and quality of drinking water must be distinguished from 
its indices characterizing the hygienic state of the source of the water. The 
latter are particularly in need of correction as applied to the evaluation of re- 
generated water, because in this case the concept of water source is completely 
devoid of its original hydrogeological significances. 

As an example of these hygienic indices we may consider the oxygen de- 
mand. The requirements concerning oxygen demand restrict the allowable scale 
of contamination of the water source by products of natural bacterial decomposi- 
tion of organic matter, a factor which is also associated with the possibility of 
bacterial contamination of the water. In the closed cycle of physico-chemical 
regeneration of water from water vapor condensate, sources of contamination of 
this character can be practically eliminated. 

Meanwhile, under certain conditions alcohol may be present in the conden- 
sate, giving the water a high oxygen demand. The high oxygen demand of a 
water known to be contaminated with alcohol only cannot, of course, be considered 
in the traditional light as an index of the unsatisfactory hygienic state of the water 
supply. In this case the oxygen demand becomes essentially a criterion of the 
alcohol content, for which there is no hygienic standard in drinking water, al- 
though such a standard may be necessary in certain cases of water regeneration 
from condensate. 

The situation may be the same also in connection with the content of nitrates 
and nitrites in water, for with certain methods of water regeneration (for ex- 
ample, from salt-containing nutrient media for plants) these cannot be regarded 
as indirect evidence of organic pollution. In this case the permissible concentra- 
tion of these salts in the water must be revised, if it is to be used as a hygienic 
standard, from the standpoint of their effect on the human body. 

These examples show that the existing requirements concerning the quality 
of drinking water must be supplemented by others allowing for the special fea- 
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tures of water circulation when it is regenerated in a closed system. Besides 
the usual demand that the permissible contaminants are harmless , it is also 
desirable to pay heed to the question of standardization of the concentration of 
l'useful chemical ingredients" in water, a term introduced by P. Ye. Kalmykov 
[2]. Clearly, sucha standard (for trace elements, for example) cannot be in- 
troduced without analysis of the movement of these ingredients along other, 
parallel channels of the circulation of matter. 

/407 - 

One of the problems in quality standardization of regenerated water is the 
establishment of supplementary standards and indices related to the special 
features of the water sources and the technology of its production. Because of 
differences between sources and technological methods of regeneration of water, 
these indices may likewise differ. For example, the indices of water quality 
differ if it is regenerated from metabolic products, from the decomposition of 
hydrogen peroxide, o r  from combustion of oxygen in fuel elements. 

Because of this variety of sources and the inconstancy of composition of 
possible contaminants in the water when regenerated by different methods, the 
only reliable basis for determining potability of regenerated water is by direct 
investigation of its biological properties and its effects on the human body by 
consideration of each concrete method of regeneration. 

One of the most general biological properties of water under terrestrial 
conditions is its property of being a life environment, and the evaluation of 
water with relation to this property must, in our opinion, be an essential ele- 
ment in the system of criteria used to determine the fitness of regenerated 
drinking water. 

From the technical point of view this criterion can be easily determined by 
cultivating a series of animals and, perhaps, plants also in the water to be 
tested. The greatest difficulty here is that, of the tremendous number of pos- 
sible zoological, botanical and microbiological objects, it is necessary to select 
the minimum which will suffice for enabling the biological suitability and harm- 
lessness of the water to be established. Individual organisms and populations, 
as well as isolated organs can be used as such test objects. 

A biological control of the quality of regenerated water along these lines 
may perhaps play an essential role during the development of different variants 
and stages of the technological process of water regeneration. In this connec- 
tion, methods of biological testing of water quality in use at the present time are 
in need of additional study and extension from the standpoint of these new re- 
quirements. 

ity of testing of regenerated water cannot be considered independently of the 
place occupied by the water regeneration system in the general system of circu- 
lation of matter. Our view on this aspect ig  that with the further development of 
life-support systems based on biological processes associated with different 
sources and with different ways of utilization of regenerated water, the question 
of establishment of hygienic standards for water must constitute only part of the 
general problem of its "ecological standardization. 

We may conclude by saying that the approach to the standardization and qual- 

/408 
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WAYS AND MEANS OF REDUCING TO A MINIMUM MICROFLORA IN 
SMALL ROOMS INTENDED FOR LONG-TERM EXPERIMENTS 

WITH SUBJECTS 

V. I. Vashkov, Ye. N. Nikiforova, N. V. Ramkova and R. V. Adamov 

When organizing experiments in small rooms particular attention must be 
paid to measures designed to reduce to a minimum contamination of the room and 
articles in the subjects' environment by bacteria. 

/408 

Under normal conditions of life the degree of bacterial contamination of 
dwellings, articles of everyday life and clothing is reduced by hygienic cleansing 
and also through the action of natural factors: ultraviolet radiation; ventilation; 
drying. 

In rooms and other small spaces, the effect of external factors capable of 
destroying microorganisms is considerably restricted. 

When subjects are required to stay for long periods in small rooms under 
hypodynamic conditions and in the absence of insolation, the general resistance 
of the human body is lowered and the natural bactericidal properties of the skin 
are reduced. Under these conditions an increase in the conditionally pathogenic 
microflora (staphylococci, streptococci, etc. ) becomes a hazard. 

The additional introduction of foreign microorganisms with various articles 
presented to the subjects in the room and during visits by the experimenters is 
undesirable. 

Measures must therefore be taken to reduce to a minimum the number of /409 
microorganisms present at the beginning of the experiment and also to prevent 
the possibility of microorganisms entering during the experiment. 

These measures are also necessary if a correct solution is to be found 
for problems in which a criterion is the dynamics of the bacterial population of 
the air, the surfaces of objects and clothing, and the subject's skin. 

The following system of measures has been developed for reducing the 
degree of bacterial contamination of various objects. 

Reduction of the bacterial population in the room (on the surfaces of the 
room: ceiling , walls, and floor; stationary equipment and apparatus). 

During preparation of the small room for experiments, care must be taken 
to ensure that the ceiling, walls and floor of the room are faced with a smooth, 
nonporous material. The furniture must also be smooth and easily cleaned. 
I 
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The foam-rubber mattresses, pillows, and chair seats must be covered with 
closely woven material. 

The air-conditioning system must be fitted with a bacterial filter. The sim- 
plest method is to cover the air inlet with FPP-15 material. 

The small room, the ante-room and the neighboring room for the experi- 
menters on duty must be equipped with BUV bactericidal ultraviolet lamps. The 
first two rooms should have lamps without reflectors and of a power of not less 

3 than 2W/m . The lamps are controlled from the ante-room, but it is desirable 
that they can be switched on from the experimenters' room. The experimenters' 
room should be provided with ultraviolet lamps of combined action: NBO or PBO 

with a power of 1W/m (calculated for the power of a lamp giving reflected radi- 
ation). By the use of such lamps, the rooms can be irradiated when people are 
present in them. 

3 

In one of the experiments, at our recommendation, a BUV-15 bactericidal 
lamp was placed in the supply hatch. This should be done in every case if the 
supply hatch is large enough to accommodate such a lamp. 

Before each experiment, the small room intended for this purpose, the ante- 
room and the experimenters' room should be treated in a special manner. 

All unnecessary objects and furniture are removed, the surfaces of the room 
are thoroughly washed, and the furniture and windows in the experimenters' room 
are wiped over. The rooms are cleaned in the following order: 1) in the room 
intended for the subject (ceiling, walls and doors, then the floor); 2) ante-room 
(in the same order); 3) the experimenters' room. 

For wet cleaning, a boiled scrubbing brush and water as hot as possible are 
used. The water and scrubbing brush are periodically replaced by fresh ones during 
the cleaning. At  the end of cleaning, a mat for wiping the shoes is placed in front 
of the entrance to the experimenters' room. These rooms are then treated in the 
same order with 6% hydrogen peroxide, then thoroughly scrubbed with a sterile 
brush soaked in the same solution (twice), changing the solution and brush for 
fresh ones periodically. The volume of solution requiredis 300 ml m for the ceiling 

and walls and 500 ml/m for the floor. A s  a first step, under laboratory condi- 
tions, we demonstrated that this solution has no harmful effect on the various 
materials used. 

/410 

2 

2 

After this scrubbing, the door into the small room and the supply hatch must 
be closed. 

After an exposure of 1 hour, all the surfaces are wiped dry with a sterile 
brush. 

The walls and floor of the ante-room and the experimenters' room, together 
with the furniture in them, are thoroughly scrubbed with 6% hydrogen peroxide. 
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At the end of this treatment of the rooms with the sterile brush soaked in a 
fresh 6% solution of hydrogen peroxide, the apparatus and equipment which can 
be treated in this manner are also scrubbed. After scrubbing, these objects 
are placed on a table in the ante-room and covered with sterile paper. The door 
of the ante-room is closed, and the BUV lamps in it and in the subjects' room 
are switched on for not less than 2 hours. 

At the end of this exposure the BUV lamps are switched off. The laboratory 
assistant and experimenter put on sterile overalls, masks, neck cloths, cotton 
overshoes, and gloves, enter the ante-room along a sterile path, and place all 
the treated objects in the small room: beds, books, magazines, etc, , and again 
switch on the BUV lamps for the same exposure. At the end of this exposure the 
ventilating system is switched on long enough to give 14-16 changes of air in 
the subjects' room, after which they cari be allowed to enter. 

Treatment of soft objects. a) Bedding: mattresses, flock pillows, and 
blankets are freely packed in double-layered cloth bags and treated in disinfec- 
tion rooms by a steam and air method under conditions ensuring death of spores: 
temperature 97-98O, load not exceeding 60 kg/m useful area of room, exposure 
30 min. 

2 

Along with the bedding, the paper bags into which the cotton bags with the 
bedding are placed at the end of exposure are also treated in the chamber. This 
method of packing prevents bacterial contamination of the treated objects during 
transportation and storage. 

b) Overalls, masks, cotton overshoes gloves, sheets, towels, pillow cases, /411 
neck cloths, underwear, and gym shoes belonging to the subjects are sterilized by 
steam under pressure in an autoclave at 1.5 atm, temperature 126'C, exposure 
30 min. 

The masks, overalls and overshoes are  packed together in sets. Each set 
is wrapped in two seperate layers of paper. Sheets, pillow cases, towels and 
underwear for the subjects are arranged and packed in a similar way. 

dividually for use if necessary. Gloves are packed in pairs, also in two layers 
of paper. 

Besides these sets a few sterile sheets, overalls m d  towels are packed in- 

Books, writinp  materials .experimenters ' notepads for introductign intqthe- 
chamber, and the subjects' outer clothing, made of material not withstatlding the+ 
mal disinfection, are irradiated with y -  rays in a dose of 2.5 MR, ensuring com- 
plete sterility. This was demonstrated by seeding the test object on nutrient 
media. The method of packing these articles was the same as described above. 

I Crockery and utensils for use.by the subjects taking meals during the experi- - ment: plates, spoons, forks, glasses are sterilized by dry heat at a temperature 
of 180' for 30 min or 165O for 2 hours. 

If the subject obtained food from the food unit and it was poured into a dish 
given to the subject, this was done on a table covered with sterile paper, in sterile 
gloves. 
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If the food was given to the subjects after heating on an electric hotplate 
while actually in the dishes themselves, the outer surface of the dishes was 
thoroughly scrubbed with 6% hydrogen peroxide twice, replacing the brush for 
the second time, and only then were they placed in the supply hatch. 

ar - 
rangements were made for the subjects to have a hot shower, applying "Gigiyena" 
hexachlorophene soap or  2% chloramine solution over the whole of their bodies, 
after which they walked on sterile matting into the ante-room where they put on 
sterile underwear previously arranged in a definite order by the laboratory as- 
sistant. The laboratory assistant wears a sterile uniform (overzll, overshoes, 
mask, gloves), places the objects on the bench, covered with a sterile sheet, 
and covers them with the edge of the same sterile sheet until the subjects come 
out from the shower. 

After the subjects have put on their underwear, the experimenters , dressed 
in the same way as the laboratory assistant in sterile uniforms, take the neces- 
sary samples. They may also be wearing detectors at this time. The subjects 
then finish putting on their underwear and then put on their top clothes, and over 
them two overalls, mask, neck cloth, overshoes and gloves. If they need to go 
from one room into another, they put on an unsterile cloak, hat, and shoes over 
their other clothing. 

The subjects take off the unsterile clothes and the top overall with the aid of 
the laboratory assistant when entering the experimenters room. 

Another laboratory assistant, also wearing a sterile uniform, meets the 
subject in the ante-room or just before entering the experimenters' room and 
helps him to remove the second sterile overall, overshoes, mask and gloves. 

The subject walks along the sterile path made of matting o r  paper into the 
room. He  puts on the sterile shoes which he must wear throughout the experi- 
ment at the entrance to the hatch. 

If several subjects take part in an experiment, and they are all required to 
enter the small room designed for the experiment at the same time, each subject 
must be provided with the corresponding number of laboratory assistants, but it 
is more convenient for the subjects to enter one by one. 

The experimenters, if entering the small room, during the experiment, must 
put on sterile uniforms. At the same time, instruments and apparatus which 
they take in with them t o  the subjects must be treated. Disinfection of writing 
materials and paper has been dealt with previously. Any object taken in must be 
treated by the method described above. 

Our observations show that the system of measures which we suggest is 
perfectly practicable and reduces the number of microorganisms in the subjects' 
environment, 

After treatment in this way with 6% hydrogen peroxide, practically no 
microorganisms are found in the air and on the surfaces of the small room before 
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the beginning of the experiment, and the disinfecting itself has no harmful action 
on the materials of the rooms or on the subjects, in whom no complications were 
discovered during the experiments 

The level of bacterial contamination was much lower in experiments where 
these measures were carried out than in others where they were not used. 
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INVESTIGATION OF THE STATE OF THE HUMAN SKIN AFTER 
PROLONGED RESTRICTION ON WASHING 

I.G. Popov, V.V. Borshchenko, F.K.  Savinich, M.I. Kozar' and 
A. M. Finogenov 

/413 - For a long time manned space flights will evidently be undertaken under 
conditions of personal hygiene far removed from the normal terrestrial stand- 
ards. The design and construction of special toilet facilities in compartments of 
spaceships present difficult problems. The- supply of large quantities of water or 
other solvents and washing materials for the crew, the need to preserve or re- 
generate water used for washing and domestic purposes, frequent changes of 
underclothing, and so on, although relatively easily arranged under normal con- 
ditions become extremely difficult problems during space flight. On the other 
hand, our accepted concepts of the necessary scope and frequency of personal 
hygiene measures to which we are accustomed on the ground require adaptation 
to the very different hygienic conditions inside spacecraft. This applies above 
all to the quantity and quality of external contamination of the astronauts' skin, 
clothing and footwear. In small confined spaces, which initially were cleaned 
and disinfected, with practically no inflow of dust from outside, equipped with 
air-conditioning and ventilation units maintaining a stipulated gas composition 
and temperature of the atmosphere, the amount of external contamination of the 
astronauts' skin and clothing is reduced to a minimum. Very slight contamina- 
tion may arise from dust formed from clothing, footwear, materials covering 
furniture and other equipment, and perhaps remnants of food, urine and fecee 
not absorbed by the air-conditioning unit, and also bacterial aerosols. 

Another important and constantly acting source of contamination of the skin, 
clothing and environment is the astronauts' skin itself. Products excreted by 
the sweat and sebaceous glands, and also particles of desquamated epithelium 
and hair constitute an important, if not the main, source of contamination of the 
astronauts' skin and clothing. Quantitatively and qualitatively speaking this type 
of Contamination, like that of the contamination not originating from the skin al- 
ready mentioned, also possesses specific features under spacecraft conditions 
because of the special conditions for skin physiology: restriction of physical 
work and movement performed by astronauts, the unusual state of the autonomic 
nervous system and endocrine apparatus, the periodic nervous and mental strain, 
and so on. Yet another factor of importance is the rationing of food and water 
and the provision of rationally chosen conditions of temperature and humidity in 

pressure suits and other equipment, the negligible external contamination of the 
skin by substances capable of producing mechanical and chemical irritation of the 
skin, and the definite limitations as regards toilet of the skin. 

/414 the cabin, the wearing of specially designed clothing, the periodic wearing of - 

Because of the special hygienic conditions in spacecraft and of difficulties 
connected with toilet and washing of the skin and frequent changing of clothing, 
special measures had to be adopted for the hygienic treatment of the surface of 
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the body during space flight, and special uniforms had to be designed and regula- 
tions worked out for their use in order to provide satisfactory conditions in which 
the astronauts could live and carry out their activity. 

To study contamination and the state of the skin and also of the astronauts' 
clothing materials, experiments lasting from 23 to 60 days were carried out. 
The subjects were men aged 19-26 years, clinically absolutely healthy, and 
during each experiment they remained continuously in closed rooms from 5 to 20 
m in volume. Before the experiment the rooms were thoroughly cleaned and 
disinfected, using wet disinfectants and UFO bactericidal lamps. During the ex- 
periments the subjects' movements were restricted, and they spent most of the 
time sitting (during the day) or lying (at night and when resting during the day). 
The total physical exertion performed by the subjects daily, at a moderate rate, 
did not exceed 500 kg.m of work. The subjects received hot food three times in 
the course of the day, of varied and adequate composition. The mean energy 
value of the food (calculated) was 3000-3600 kcal/day. The water consumption 
was unlimited. In the experimental rooms automatic systems maintain the air 
temperature at 20-25' and the relative humidity at 40-60%, with air movement of 
about 0.1 m/sec. The rooms were fitted with push-pull ventilation. The clothing 
consisted of knitted underwear, a jersey, woven linen trousers of athletic type, 
cotton socks and light suede shoes. The microclimatic conditions and clothing 
were chosen to maintain the subjects comfortably warm and to  reduce perspiration 
as much as possible during their period of limited movement. Imperceptible 
perspiration, of course, remained at the usual level for a normal barometric 
pressure and moderate atmospheric humidity. 

3 

A special feature of these experiments was prohibition of washing or  other 
treatment of areas of the skin covered by clothing, i. e., about 80% of the total 
body surface. The skin of the face, hands and, in the case of some subjects, 
the feet was periodically cleaned with materials made up in water and alcohol. 
The underclothing, top clothing and socks were worn continuously for the 24 hours. 
The underclothing, top clothing and shoes were not changed to clean ones during the 
experiment. As a rule the socks were changed after 20-22 days, without any 
hygienic treatment of the skin of the feet. Earlier experiments showed that wear- 
ing the socks without changing them for longer periods is undesirable because of 
their considerable contamination by desquamated particles of the stratum corneum 
of the epidermis of the plantar surface of the feet. 

- /415 

The conditions created in these experiments to some extent simulated the 
hygienic situation in the spacecraft cabin. The skin and clothing of the subjects 
kept in isolation for long periods in clean small rooms became contaminated 
principally by human metabolic products: secretions of the sweat and sebaceous 
glands, desquamated epidermis and falling hair, and particles of feces and urine. 
Minor sources of contamination were food, dust from clothing, the floor and 
furniture, and the bacterial aerosol. 

glands was estimated from accumulation of chlorides and organic substances on 
them. Before and after the experiment, the washing water from all parts of the 
body surface covered by clothing was collected and the clothing was soaked in 
known volumes of tap water. Samples were taken from these aqueous extracts 

I 

Contamination of the skin and clothing by products of the sweat and sebaceous 
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/416 This comparison of mean data for accumulation of chlorides and organic - 
substances on the skin and in the clothing shows that, despite the increase in 
total contamination of the skin and clothing by human metabolic products, the 
mean contamination occurring during the 24 hours , mainly by skin secretions, 
remained approximately stable during these conditions. Individual differences 
between subjects in development of contamination of skin and clothing were 
greater even though they were kept in identical condition as regards duration of 
the experiment and the microclimate. The combined contamination of skin and 
clothing per day by chlorides varied from 117 to 403 mg/day and by organic sub- 
stances from 335 to 886 mg 02/day. 

The ability of the clothing to absorb large quantities of products of the sweat 
and sebaceous glands will be noted. In most cases the clothing absorbed about 
90% of the chloride and 80% of the organic substances. ' The ability of clothing to 
remove large quantities of metabolic products from the skin was due both to the 
use of knitted materials highly permeable to moisture and lipids, and to the light- 
weight structure of the underwear, facilitating the passage of skin secretions into 
the clothing. 

To assess the degree of contamination of the skin's surface by products of the 
sebaceous glands, the level of saturation of the layer of lipids on certain parts of 
the skin of the chest and back was determined. In the first seven days of the ex- 
periment the level of saturation of the lipid layer on these areas remained con- 
stant. Later the saturation level increased slightly because of accumulation of 
lipids presumably as a result of a decrease in the lipid-absorbing properties of 
the contaminated underwear materials. An experiment carried out under the 
conditions of normal life confirmed that underwear materials significantly affect 
the level of saturation of the lipid layer on the skin. The layer of sebum cutaneum 
on areas of skin covered by underclothing showed little change in its level of sat- /417 
uration after the second day of the experiment (about 100 pg/cm ). On areas of 
skin isolated from contact with underclothing,* the content of sebum cutaneum 
increased in the course of 5 days to 450 pg/cm . 

2 

2 

The chemical composition of the lipids on the skin's surface underwent cer- 
tain changes: the acid number increased on the average by 21% during the 30 days, 
while the saponification, ether, and iodine numbers decreased. The saponification 
number, for instance, fell on theaverage by 10% toward the 30th day. These 
changes in content of lipids constituting the secretion of the sebaceous glands of the 
skin are fully attributable to the action of atmospheric oxygen, moisture, compo- 
nents of the sweat, and also the action of enzymes secreted by microorganisms. 

During the period of the experiment the pH of the skin surface shifted toward 

Bacterial contamination of the subjects' skin was investigated by 0. G. 

the acid side (5.12-5.68). 

- 
Alekseyeva's agar impression method. The intensity of bacterial contamination 
varied from one part of the skin to another. During the first 2-3 weeks the number 
of microorganisms on most parts of the skin increased continuously, exceeding the 
initial background (freshly washed skin, 4-5 colonies/cm ) by 3-3.5 times. The 
level of bacterial contamination then became stabilized, with no tendency to rise 

2 
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further. Meanwhile, more rapid growth of the microflora was observed on the 
skin of the plantar surface of the feet, the perineum and buttocks , exceeding the 
original figures at the end of the experiment by 7-12 times. After 30 days, the 
number of colonies per cm was 68 on the buttocks and 82 on the foot. After 60 
days there were 180-200 colonies per em on the arch of the foot. The change 
in pH of the mixture of substances on the skin surface towards the acid side dur- 
ing continuation of the experiment, together with the high cleansing power of the 
clothing materials, evidently restrained development of microorganisms ana con- 
tributed toward stabilization of their growth. It is interesting that when under- 
wear made of a mixture of synthetic materials and cotton was used, the level of 
bacterial contamination of the skin of the chest and back was somewhat lower t3an 
when cotton-viscose underclothing was worn. 

2 
2 

The microflora on the skin surface and underwear consisted mainly of samo- 
phytic species: Staphylococcus epidermidis , Staphylococcus albus , diphtheroks , 
and Sarcina. 

The bactericidal power of the skin was determined with respect to Escherichia 
- coli. Tests carried out on the skin in the region of the forearm showed a gradual 
decrease in bactericidal properties of the skin. The bactericidal index of the fore- 
arm skin was 90-95 before the experiment and 60-70 after 30 days. 

Clinical observations on the state of the subjects' skin showed no significant 
changes in intensity of function of the sweat and sebaceous glands or in the state 
of the pilomotor and neurovascular apparatus of the skin. 

/418 

Daily interrogation of the subjects disclosed moderate itching of the skin 
starting on the 2nd-3rd week of the experiment, in the region of the scalp, chest, 
back and feet. Later the intensity and frequency of itching of the skin increased. 
As a rule itching began after physical exertion and increased perspiration. The 
itching was relatively more marked in the region of tlie scalp, which received no 
hygienic treatment and was not cleansed by the clothing materials. 

As  the experiment continued, marked deposition of masses of keratin on the 
soles of the feet was observed. The relatively immobile mode of life followed by 
the subjects, particularly as regards walking, led to a sharp decrease in desquama- 
tion of keratotic scales on the soles of the feet, which under normal conditions is 
proportional to the load placed on the feet during walking. Meanwhile, the repro- 
ductive growth of the epidermis of the plantar surface of the feet continues, pre- 
sumably at an intensity close to that under normal conditions of life, when the 
load on this part of the skin is considerable. It is interesting to note that in 
larger rooms with better opportunities for moving about, deposition of masses of 
keratin on the sole was much less , but contamination of the socks , on the other 
hand, increased. 

Skin diseases discovered during the experiments are listed in Table 3. 

The subjects developed skin diseases which are fairly widespread under 
normal conditions of life. The commonest disease encountered was folliculitis. 
This was localized mainly in the region of the buttocks and thighs, i. e. , places 
of greatest and frequent pressure, friction, and moistening of the skin, because 
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TABLE 3. Skin Diseases Occurring in Persons under 
Restricted Skin Toilet Conditions 

+in 
$3 Skin diseases (number of subjects 

m 

A Q) 
H 0 

0 

w 
0 

w 
0 

- 60 7 4 2 2 

Total - 16 12 3 i !  4 -  3 2 

the subjects spent most of their' time sitting in an armchair, even though the chair 
was soft. Subjects wearing headphones for several days to maintain continuous 
communication with the experimenters ,showed a high incidence of folliculitis on 
the skin of the face and neck. Folliculitis was much less common on the chest 
and forearms. Solitary furuncles which developed on three subjects were localized 
to the skin of the face, neck and forearm. They developed in the 2nd-3rd week of 
the experiment. In one caee the fumcle was a complication of acne, and in the 
other of folliculitis. Acne vulgaris developed in subjects with a past history of 
hypersecretion of the sebaceous glands of the skin. In three subjects the acne 
was indurative in character, and in another it progressed to abscess formation. 
Dermatitis was observed at places of contact between the skin and pick-up elec- 
trodes of physiological and clinical apparatus. Streptococcal intertrigo developed 
in the perineal region in one subject. Contributory causes here were probably 
his flight obesity and increased tendency to perspiration. Epidermophytosis of 
the feet developed in one subject during the experiment. Another subject de- 
veloped a squamous-dyshydrotic form of epidermophytosis of the feet before the 
experiment began. Under the influence of the reiative rest and diminished 
moistening, the signs of epidermophytosis subsided in this case and by the 22nd 
day of the experiment examination of the skin of the feet revealed no pathological 
changes characteristic of epidermophytosis. The skin diseases did not appre- 
ciably interfere with the subjects' ability to 3Nz)rk. 

The skin diseases observed during the experiment could not be attributed 
entjrely to the restricted hygienic and living conditions. Moreover, many cases 
of folliculitis, furunculosis and dermatitis developed on the face and exposed 
parts of the neck, which were cleansed with washing materials. Hygienic skin 
toilet would be more important for the region of the buttocks and thighs, where 
a more rapid growth of the microflora was observed. Even under ordinary con- 
ditions these diseases are common among people regular in their skin toilet habits. 
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Without denying the importance of special hygenic skin toilet for the prevention 
of such skin diseases in astronauts, at the same time, steps must be taken to 
raise the immunological and biological resistance of the body by rational feeding, 
work and rest. Improved furniture, the wearing of clothing of rational design and 
made from special materials and, in particular, the use of textiles with bacterio- 
static and bactericidal properties , together with improved regulation of micro- 
climatic parameters with a view to reducing perspiration during physical exer- 
tion and other situations of increased heat prodwtion, wauld have beneficial effects. 
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To summarize the results of these investigations it can be concluded that 
when the use of washing materials is l iwted under flight conditions , by choosing 
appropriate hygienic conditions in the spacecraft cabin (dust suppression in the 
cabins , rational design of toilet and domestic facilities, dietary systems , 
clothing, microclimate to correspond to heat production of the body, and so on), 
a considerable reduction in contamination of the astronauts * skin both by external 
contaminants and by products of skin metabolism can be obtained. Underwear 
with high cleansing properties occupies a particularly important place among 
these hygienic measures. Obviously under these conditions areas of skin not 
covered by clothing (the scalp, face, neck, and fingers) and also areas with in- 
creased contamination, such as the buttocks , the medial surface of the thighs , 
the plantar surface of the feet, and the interdigital clefts, must evidently receive 
hygienic treatment and cleansing under these conditions before the others. 

Skin diseases arising after prolonged restriction of toilet facilities were 
those which are most commonly found and they had no appreciable detrimental 
effect on the general condition of the subjects and their ability to work. At the 
same time, the assortment of drugs kept on board the spacecraft must provide 
for the treatment of suppurative skin diseases which may arise. 
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ASTRONAUTS' BASIC REQUIREMENTS FOR PERSONAL 
HYGIENE MATERIALS 

V. V. Levashov and A. M. Finogenov 

Before scientifically based measures for hygienic care of human skin can 
be undertaken during long space flights, and before the study of the action of 
unusual conditions of life on board the spacecraft on the human body aa a whole 
and on the skin in particular can be completed, all the basic physiological, bio- 
chemical, and microbiological constants of the human skin must be known. 

Materials and methods of skin toilet must be effective both under the condi- 
tions of a changed gravitational field (allowing for changes in the behavior of 
fluids), and also when water consumption is limited. 

/42 0 - 

Realizing the important positive role of the human symbiotic microflora, this /421 
factor must be taken into account when materials and methods of personal hy- 
giene are devised and it must be correctly reflected in the basic requirements for 
these materials. Finally, having regard to the prolonged and frequent exposure 
to personal hygiene materials, they must not be toxic either when applied to the 
skin or when their vapors and aerosols enter the human body. 

Data in the literature and our own observations indicate that these problems 
are not only complex, but are also incompletely solved and their study is de- 
pendent not s o  much on the organization and performance of special experiments 
as on a correct understanding of the essence of these problems. 

To this must be added the special complexity of the epidemiologic aspect of 
personal hygiene of astronauts during long flights. Remembering that the human 
bacterial population comprises thousands of species of microorganisms, some 
useful, others harmful, the complexity of interaction of the microflora will be 
obvious even for a crew consisting of two persons. 

Not only do we not know a 1  the mechanisms and conditions for interaction of 
the autoflora of different individuals, but we also have no effective methods of 
stabilization or disinfection of pathogenic or conditionally pathogenic microflora 
directly on the human body. With this level of knowledge concerning the various 
conditions of prolonged human isolation it is extremely difficult both to solve the 
problems of prophylactic cleansing and toilet of the human skin and also to guw- 
antee the epidemiologic well-being of crew members during long-duration space 
flights 

The skin, as is well known, is an important intermediary between the ex- 
t e r d  environment and the organism as a whole. One of its essential functions 
is to protect the human organism from external influences (physical, chemical 
and biological). 
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The protective role of the skin against bacterial contamination is particularly 
important, not merely as a mechanical barrier (the stratum corneum), but also 
and, to a greater degree, by virtue of the biochemical reactions taking place on 
the skin surface. 

W e  refer to the change in pH towards the acid side found on the surface 
layer of the skin (pH 3-5), largely attributable to the accumulation of secretions 
of the sebaceous glands on the skin and to chemical processes taking place in 
them under the influence of many different factsrs during prolonged isolation of 
the human subjects in a small closed room and prohibition of hygienic procedures. 
It is of course essential to point out that the importance of the sebaceous functioa 
is obvious from the existence of its central regulation (by the pituitary and sex 
glands). In experiments of long duration, A. M. Finogenov discovered a definite 
relationship between the quantity of sebum cutaneum on the human skin (layer of 
saturation), the pH of the skin surface and the number of bacterial cells present 
at a given moment on the skin. For example, in a subject with a layer of satura- 
tion of sebum cutaneum on the investigated areas of skin towards the end of a 30- 

2 2 day experiment amounting to 106 pg/cm @H 4.6) and 61 pg/cm (PH 5.0), the 
relative number of bacterial colonies per cm skin surfaceiwas (from data of L. 
N. Prokhorova) 3 . 4  and 19 .7  respectively whereas for a subject with a saturation 

2 2 layer on these same areas of skin of 78 pg/cm (PH 5.0)  and 43  pg/cm (pH 5.2), 
under the same conditions, the corresponding figures were 18.2  and 41 .3 .  
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Clearly fewer bacterial colonies were found on areas of skin with a higher 
concentration of sebum cutaneum, and vice versa. The at first glance paradoxical 
situation must now be considered that unrestricted washing of the skin, removing 
all products of the sebaceous and sweat glands, interferes with the protective 
function of the skin and cannot therefore be regarded as a rational hygienic 
measure. 

Our investigations have shown that the dynamics of the bacterial population 
of the skin depend on other factors than the time of human isolation. Stabili- 
zation of the bacterial population of the skin arises primarily as a result of the 
accumulation of sebum cutaneum in the underclothing and on the skin surface and 
on the changes taking place in its chemical composition. To this it must be 
added that the structure of the material and the nature of the fiber used in making 
the underclothing undoubtedly play an important role in this process, for they in- 
fluence the properties of the material to absorb the secretions of the sebaceous 
and sweat glands. It would be wrong in general to deny the benefit to be obtained 
by washing the human skin, although we must adopt a discriminating approach to 
this habitual procedure and emphatically reject the simple doctrine of the text- 
books of personal hygiene: the more thoroughly the skin is freed from secretions 
of the sebaceous and sweat glands the more active its protective function. This 
statement, of course, is untrue not only for conditions of life and activity of as- 
tronauts , but also for many other terrestrial occupations. 

Another familiar point must be added here, namely, that if there is a de- 
ficiency of lipids on the skin surface, not only the local thermoregulation and 
metabolism may be disturbed, but also the basic protective functions of the skin 
against harmful external factors. 
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In recent years, through the efforts of Soviet hygienists, chemists, derma- 
tologists and microbiologists, some of the personal hygiene problems reflected 
in the main requirements of materials for skin hygiene of astronautti during long- 
duration space flights have been solved, 

Ideally, the personal hygiene materials of astronauts should possess selec- 
tive cleansing properties relative to external contaminants and, at the same 
time, they should be neutral toward biologically active substances occurring on 
the skin and in its surface layer. It is most important that personal hygiene 
materials for use by astronauts should contain certain biologically active sub- 
stances (vitamins, hormones, enzymes). As regards the bactericidal action of 
personal hygiene materials, it must be stressed once again that the autoflora 
plays a highly positive role in human vital activity, for it possesses immunizing, 
enzyme-for ming and vitamin-producing action and also antagonistic properties 
against certain external microorganisms. It can therefore be considered on 
good grounds that dersonal hygiene materials should possess bacteriostatic and 
not bactericidal ac ivity. With respect to bactericidal properties, personal hy- 

ditionally pathogenib microorganisms causing external contamination. 
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giene materials sh t, 1 uld possess selective action only aginst pathogenic and con- 

\ 

The general recommendations \ given below are preliminary and they by no 
means claim to be exhaustive. In the first place, the purpose of personal hy- 
giene materials for use by astronauts must be stipulated. 

Personal hygiene materials for astronauts are intended for systematic use 
during flight in order to maintain the physiological constants of the human skin 
at a satisfactory level, for cleansing the skin and freeing it from external con- 
taminants ard breakdown products of the secretion of the sebaceous and sweat 
glands, and also to maintain the astronaut's psychological optimum. 

Bearing in mind the many different purposes for which personal hygiene 
materials are  used by astronauts, these materials must satisfy the following 
demands: 

1. Personal hygiene materials must be capable of cleansing the astronauts' 
skin to remove contamination by decomposition products of the secretions of the 
sebaceous and sweat glands, desquamated keratin scales of the epidermis, dust 
particles of various types, and other external contaminants. 

2. These materials must promote normal skin function and maintain its 
optimal for attainable physico-mechanical properties and biochemical and 
physiologic a1 constants . 

3. Astronauts' personal hygiene material must possess bacteriostatic ac- 

4. During systematic and prolonged use of personal hygiene materials, they 
must not produce diseases of the skin, unpleasant subjective sensation, changes 
in the color of the skin, pigmented spots, hyperkeratosis, or destruction or des- 
quamation of the epidermis. They must not sensitize the skin to ultraviolet 
and ionizing radiation. 

tivity against the autoflora. 
- 
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5. Personal hygiene materials must possess a marked freshening action 
and have no odor. However, the use of very weak perfumes is permissible, in 
accordance with the individual preference of each astronaut. Perfumes simulat- 
ing natural odors-of the forest, flowers, newly mown hay, the sea, and so on- 
are preferable. 
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6 .  Personal hygiene materials must not contain toxic or powerfully acting 
substances or volatile compounds capable of creating explosives or  inflammable 
concentrations in the spacecraft cabin during use. 

compatible with the life-support systems operating on board the spacecraft and, 
should they enter the atmosphere of the cabin, they should be readily absorbed 
by the absorbents and filters used. 

7. The constituents of personal hygiene materials must be completely 

8. The raw and finished products used for personal hygiene materials 

9. Personal hygiene materials must be prepared in a liquid o r  paste form 

must satisfy existing standards and technical conditions. 

and be kept in special tubes. These must bear labels indicating the rules for use 
of the particular material and its length of useful life. 

10. Personal hygiene materials for astronauts must be prepared under 
sterile conditions, using minimal quantities of water in their formulas. 

11. Utensils used for application of personal hygiene materials by aatro- 
nauts must be compact in design, of minimal weight, and simple and reliable for 
use under conditions of weightlessness or abnormal gravitation. 

12. The conditions of use and storage of these materials must correspond 
to the conditions for storage of liquid food products for consumption by the as- 
tronauts on board, which are packed in stmdard tubes. 
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OBJECTIVE EVALUATION OF DEODORIZING AND FRESHENING ACTION 
OF ORAL HYGIENE PREPARATIONS UNDER SPECIFIC CONDITIONS 

Yu. A. Fedorov 

With an increase in the duration of space flights the need has arisen for 
special hygiene preparations for care of the teeth and mouth, preparations suit- 
able for use under these unusual and complex conditions. 

Practical experience and the results of medical and biological research dur- /425 
ing space flights and laboratory tests have indicated the basic demands which 
such hygiene preparations must satisfy. 

However, we found no specific objective tests reported in the literature suit- 
able for the assessment of oral hygiene preparations intended for cleaning the 
mouth. Methods of studying the action of ordinary dental hygiene preparations 
are based on subjective sensations, and in the present case they are unsuitable 
because of the need for quantitative determination not only of the mechanical 
cleansing properties of the toothpaste (or other hygiene preparations), but also, 
and more important, the freshening and deodorizing action of the substances 
used. It is only if such objective methods of evaluation are available that it will 
be possible to produce hygiene preparations with specific action. 

With the conditions of space flight in mind, attention must evidently be con- 
centrated on the deodorizing and freshening functions of the cleansing agents. 
Data in the literature show that the problem of the appearance of an odor from the 
mouth and ways of abolishing it have received insufficient study and are still a 
matter for discussion 5-7 3. 

The most probable souwe of b unpleasant odor from the mouth (particularly 
under conditions when normal cleansing of the mouth is difficult) consists of cer- 
tain components of the saliva containing free sulfhydryl groups or other sulfur- 
containing substances, and also compounds containing amines and ammonia. An 
odor from the mouth may be produced by bacterial activity in the mouth itself, 
and above all by a pathogenic microflora. According to one authority 161, all 
diseases of the mouth and nasopharynx and certain diseases of the respiratory and 
digestive Systems may produce an odor from the mouth. Ammonia products 
present in the saliva may also cause an odor from the mouth r41. 

Other workers [3 ,  71 consider that the principal components of the saliva 
causing an odor from the m a t h  are substances containing free sulfhydryl groups 
(peptones, cysteine, reduced glutathione, etc. ) or sulfur-containing compounds 
(methionine, cysteine, glutathione) in their composition. 

On the basis of data in the literature and some personal observations, a tech- 
nique of combined objective investigation of the deodorizing activity’ and cleansing 
action of certain dental hygiene products has been developed. The method is 
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based on determination of free and residual sulfhydryl groups, hydrogen sulfide, 
products of nitrogen metabolism, oxygen demand, and bacterial population in the 
mouth fluids and in washings obtained from the mouth before and after use of the 
hygiene preparation. For this purpose certain known methods of investigation 
[l, 2) were used, after slight modification to adzipt them to the conditions of 
study of the mouth fluids. 

/426 

The investigation& showed that quantitative estimation of the deodorizing and 
cleansing effect of particular hygiene preparations is perfectly feasible. In par- 
ticular, they showed that the content of Sulfhydryl groups varies in different per- 
sons depending OR the Btate 6€ the teeth, the periodontic tissues, and other factors. 
However, the mean content of sulfhydryl groups in saliva taken before cleaning 
the teeth wag 2-3 times higher thaa &ter cleanhg them in all subjects. 

To study the content of sulfhydryl groups the mouth fluid was collected from 
the fasting subject, after which the teeth were cleaned with toothpaste or by 
rinsing with water, The mouth fluid was again collected 1 0  min after this hygienic 
procedure. 

The results of investigation of the two portions were compared, and from the 
result the deodorizing effect of the particular hygienic measure was assessed. 

To study the remaining components of the mouth fluid (ammonia, hydrogen 
sulfide, nitrites, nitrates), and also to determine the oxygen demand, pH, and 
bacterial population, three successive washings were obtained by rinsing the 
mouth with 100 ml distilled water. This procedure was repeated twice: in a 
fasting state and 10 min after hygienic cleansing of the mouth. The results were 
compared with each other and with the results of the previous study of sulfhydryl 
groups. 

The total content of sulfhydryl groups in the Saliva taken in a fasting state 
was found to vary from 6.0 to 13.30 mg% cysteine. Meanwhile, the content of 
total sulfhydryl groups in the saliva of the same subjects after cleaning the mouth 
with one of the hygiene preparations was reduced m d  varied from 3.0 to 8.42 
mg % cysteine. This decrease is significant (P e 0.001). The content of residual 
sulfhydryl groups was also higher in saliva taken in a fasting state: 3.50 2 0.21 
before cleaning, 2.15 -k 0.16 after cleaning (P e 0.001). 

If instead of cleaning the mouth with a hygienic preparation (toothpaste), it 
was merely rinsed out three times with 100 ml water, there was practically no 
change in the content of total and residual fmlfh5rdryl groups. 

Interesting rehultk were obtained during the study of the content of ammonia, 
nitrites and nitrates in the mouth fluid and also when the oxygen demand, pH and 
bacterial population were determined in washings obtained from the mouth. A s  
an illustration an example taken from one investigation in which "Lesnaya" tooth- 
paste was used for cleaning the teeth. 

As Table 2 shows, significant changes take place in the content of these sub- 
stances (ammonia, nitrites, nitrates) and also & the qualitative indices of oxygen 
demand and pH after hygienic cleaning of the teeth. 
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TABLE 1. 

Constituents Before cleaning After cleaning 

Hydrogen sulfide ............ Absence 
Ammonia, mg/liter .......... 2 
Nitrites, mg/liter .......... 0.07 
Nitrates, mg/liter .......... 0.3 

pH ...................... 6.0 
Bacterial population +*+ 
Oxygen demand, mg/liter O2 .... 89.6 

Absence 
Absence 

0.002 
Absence 
148 
5.4 

+$+ 

TABLE 2. 

Constituents Before rinsing After rinsing 

Hydrogen sulfide ............ Absence 
Ammonia, mg/liter .......... 4.0 

Nitrates, mg/liter .......... 0.7 
Oxygen demand, mg/liter 02.. ... 98.3 
p H . . . . . . . . . . . . . . . . . . . . . .  7.0 

Nitrites, mg/liter .......... 0.2 

Bacterial population .......... ++++ 

Absence 
4.0 
0.04 
3 
62.7 
7.35 

++++ 

If, however, the mouth was cleaned simply by rinsing it three times with 
water (100 ml), these changes were much less marked (Table 2). 

It may thus be concluded from the results de$cribed hotre that a comparative 
study of the deodorizing and cleansing effect of various oral hygiene preparations 
used under specific conditions is a feasible proposition. Moreover, these results 
can be expressed quantitatively, so that the most suitable hygiene preparations 
can be objectively assessed and chosen. Further investigations must be carried 
out with a view to choosing or  creating new preparations must suitable for oral 
hygiene. 
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TOXIC GASEOUS SUBSTANCES LIBERATED FROM HUMAN FECES 
DURING STORAGE 

V. V. Kustov, V. I. Mikhaylov, L. T. Poddubnaya and L. N. Rogatina 

/42 8 Fecal masses may be a source of pollution of the cabin atmosphere of - 
spacecraft by various toxic substances. The quantity of feces excreted per per- 
son per day averages 150-200 g depending on the character of the food and func- 
tion of the gastro-intestinal tract [l,  23. 

The feces contain 6 5 4 5 %  water, 3.5% nitrogen, various lipids (lecithin, 
coprosterol), fatty acids, carbohydrates , and a small amount of neutral fats. 
They also contain certain mineral substances (calcium, phosphorus, magnesium, 
iron, etc. ) and also decomposition products of bile pigments-stercobilinogen 
and fecal stercobilin [SI. Dead and living bacteria and fungi account for 25-30% 
of the dry weight of the feces. 

Fecal masses are a good nutrient medium for microorganisms. As  a result 
of their activity, the fecal masses are decomposed with the liberation into the at- 
mosphere of toxic and foul-smelling substances such as: ammonia and aliphatic 
amines, methane, hydrogen sulfide and mercaptans, indole, skatole, fatty acids 
(acetic, lactic , butyric, propionic, etc. ) , phenol and other substances [ 3-51. 
Depending on the conditions under which fecal masses are kept, and on certain 
other factors, the quantity of toxic substances liberated varies. According to 
A. V. Palladin [SI, for example, during fermentation of feces under aerobic 
conditions, as a result of fermentation of carbohydrates the liberation of certain 
organic acids (acetic, lactic, etc.) into the atmosphere is increased. Under these 
conditions the liberation of carbon dioxide, methane, hydrogen sulfide, indole, 
skatole, ammonia and its compounds also is Increased. Hence, the chemical 
composition of the gaseous substances entering the atmosphere in the process of 
k--ping of fecal masses is in general known. 

However, there is practically no information on the quantity of the main 
gaseous toxic substances liberated and on changes in the normal microflora of the 
feces during storage. The present investigation was carried out to study these 
matters. .At the same time, the effect of chemical conservation of feces on the 
intensity of liberation of the principal toxic substances was also studied. Two 
series of experiments were performed for this purpose. In the experiments of 
8eries I certain toxic substances liberated into the surrounding medium from 
fresh feces at a. temperature of 18-20' were determined. The fresh feces were 
placed in hermetically sealed exsiccators with a capacity of 8 liters. Ammonia 

acids, indole and skatole were determined in the air of one of these exsiccators. 
By means of a blower, air from the exsiccator was drawn through a special sys- 
tem of chemical absorbents. As the air pressure in the exsiccator was reduced, 
air from the room, preliminarily purified in columns with solid alkali, silica gel, 
pumice soaked in sulfuric acid, and hopcalite, entered it. The inlet tubes into 

/429 and its compounds, hydrogen sulfide, mercaptans, phenols, volatile organic - 
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the exsiccator were so arranged that the feces lay in the path of the purified air. 
The process of withdrawing samples lasted 2 h. , 

The second exsiccator was kept closed for 2 h (to obtain comparable re- 
sults). Next, air was withdrawn from it into evacuated receivers for subse- 
quent determination of carbon monoxide, hydroc 
gen and darbon dioxide. 

The toxic substances were estimated by standard chemic 
industrial hygiene [ 71. The contents of toxic substances wer 
g fresh feces. The results of the experiments are given in Table 1. 

des of nitrogen, oxy- 

TABLE 1. Liberation of Toxic Substances from Fresh Feces 
( m g / l O O  8) 

0,052 Traced 
0,035 - - 0 - 0 
0,008 Traces 
0,002 n 
0 n 
0 0 
0,011 0 
0 Traces 
0 0,413 

Meano,019 - 

VI 
d 

2 
2 PI 

0,021 
0.009 
0,007 
0,006 
0,013 

- 

0,010 

0,011 

- - 
0,006 - 

0,009 - 

1 

0 Tracer 
0 - 
0 0,079 
0 0,138 
0 0,211 
0 0,155 
0 0 
0 0,233 
0,037 0,310 
0,008 0,846 
0,013 0,503 

0,002 I 0,259 

0,037 0,120 
0,005 0,248 
0,042 1,783 
0,038 0,696 
0,009 0,173 

Traces 0,696 
0,078 - 
0,094 - 

0,007 - 
0,236 1,233 
0,1*23 1,483 

0,061 0,802 

8 
.Ef 
8 

2 

+I 0 
m 
9) 

8 
_I__ 

- 
0,023 
0,081 
0 
0 
0 
0,170 
0,494 
0,330 
0 - 
- 
0,122 

Commas represent decimal points. 

Table 1 shows that the content of substances determined in each of the 11 
experiments showed considerable variation, presumably associated with the char - - /430 
acter of the diet and the composition of the bacterial microflora of the intestine 
"in different subjects . 
volatile organic acids, oxides of nitrogen, ammonia, carbon monoxide, and 
phenols are liberated from fresh feces during the first 2 h of keeping. Mercap- 
tans and hydrogen sulfide were found only in traces. Indole and skatole were de- 
tected episodically. 

At the same time, the results show tnat large quantities of hydrocarbons, 
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The experiments of series I1 were carried out with feces stored in hermeti- 
cally closed exsiccators for 5 days at a temperature a€ 18-20*. At the end of 
this time, the ammonia, mercaptans with hydrogen sulfide, phenols, indole with 
skatole, sulfur dioxide, ketones, aldehydes, oxides of nitrogen, carbon monoxide, 
and hydrocarbons were determined in the air of the exsiccators. 

In addition, before the beginning of the experiment and after its end the total 
number of microorganisms in the fecal masses of the anaerobic and aerobic 
groups was determined. 

To prevent putrefaction and fermentation in the feces, and also for disin- 
fection of them, experiments were carried out with chemical conservation of the 
feces. Copper salt V, which in our preliminary experiments completely inac- 
tivated the microflora in fecal masses in a dose of 8-10 g/100 g/8, was chosen 
as the conservant. The results of these experiments are given in Table 2. 

Comparison of the results shown in Tables 1 and 2 '(without conservation) show 
that during prolonged keeping large quantities of ammonia and nitrogen-containing 
substances are liberated from feces. The mean quantity of phenols, indole with 
skatole, organic acids and hydrocarbons liberated from fresh feces was practi- 
cally the same as that liberated from feces stored for 5 days. 

The total number of microorganisms was increased slightly in feces kept 
without conservant, mainly on account of the aerobic group. 

Experiments using conservant showed a sharp decrease in the number of 
microorganisms, in most cases no anserobes being found, while the aerobes had 
died in 99.99% of cases. Determination of toxic substances showed that the ef- 
fect of conservation was to reduce sharply the liberation of ammonia and oxides 
of nitrogen (by 4 and 10 times respectively), indicating that the conservant sup- 
presses putrefaction and fermentation processes. 

The content of phenols, indole with skatole, fatty acids, sulfur dioxide and 
ketones remained at approximately the same level as in the background experi- 
ment. 

The considerable increase (by about 1 0  times) in the quantity of carbon 
monoxide liberated from feces when kept with conservant must be noted. 

Conservants such as  copper salt V are known to give rise to energetic 
oxidation of organic substances composing feces c9-111. In thie case the carbon 
monoxide is probably a product of these processes. It may thus be postulated 
that the liberation of toxic substance8 during storage of fecal masses with con- 
servant may be considerably reduced only when the conservant presses the 
aerobic and anaerobic microflora, but also inhibits oxidation of organic matter. 

/432 - 

REFERENCES 

1. Alekseyev, M .V. -- et al. Opredeleniye vrednykh veshchestv v vozdukhe 
proizvodstvennykh pomeshcheniy [Determination of Toxic Substances in 
the A i r  of Industrial Premises]. Moscow, 1952. 

Institute], No. 4, p. 182, 1948. 
2. Gandel'sman, V. I. Trudy TsNIDI [Proc . Central Scientific Research Diesel 

403 



3 .  Korenchevskiy, V. K ucheniyu o zheludochno-kishechnom samootravlenii 
[The Theory of Gastro-Intestinal Autointoxication]. Moscow, 1909. 

4.  Nichiporovich, A.A. LIn: "Kosmos5 USSR Acad. Sei. Press, No, 1, 
p. 25, 1963. 

5 .  Paladin, A.V. Uchebnik fiziologicheskoy khimii [Textbook of Physiological 
Chemistry]. Medgiz, 1935. 

6 .  Preobrazhenskaya, A. S. Khimicheskiye pokazateli razlozheniya organiches- 
1 kogo veshchestva otbrosov pri ikh kompostirovanii -[Chemical Indices of 

Decomposition of Organic Matter of Waste Products During Compostingl . 
Candidate Dissertation, 1947, 

7 .  Smorodintsev, A.A. Gigiyena i Epidemiologiya, No. 8, p. 16, 1929. 

404 



TOXIC GASEOUS SUBSTANCES LIBERATED FROM URINE 
DURING STORAGE ' 

V. V. Kustov, V. I. Mikhaylov and L. T. Poddubnaya 

/432 The urine stored in special containers on board the spacecraft may be a po- - 
tential source of pollution of the cabin atmosphere by certain toxic and foul- 
smelling substances. The composition and volume of urine excreted by the 
healthy human subject varies within wide limits depending on the character and 
quantity of the food and liquids consumed. The mean volume of urine produced 
in 24 hours is 1000-1600 ml [l ,  21. Urine consists of about 95% water, the 
remaining 5% being accounted for by various substances, especially urea, crea- 
tinine, phenols, uric, hippuric and oxalic acids, purine bases, ammonia-and 
other compounds. Only a few of these substances composing urine are volatile 
and potentially harmful to man [3-51. The principal members of this class are 
ammonia, certain amines, phenols and organic thio-acids. However, in the ac- 
cessible literature we could find no information on the quantity of toxic substances 
possibly liberated into the atmosphere from fresh urine and from urine during 
storage. The present investigation was carried out to study these problems. 
Two series of experiments were performed. In the experiments of series I the 
liberation of toxic substances from fresh urine was studied. 

Urine in a volume of 200 ml was poured into a glass bottle and atmospheric /433 
air bubbled through it. The bottle was incubated at 38OC. The air  bubbled 
through the urine was first purified in a system of columns containing hopcalite, 
pumice soaked in sulfuric acid, silica gel, and granulated alkali. After the 
bottle, absorbents were included for trapping the toxic substances for, subsequent, 
determination. Samples of air for determination of carbon monoxide and hydro- 
carbons were drawn off into glass gas pipets. The rate of bubbling of the air was 
chosen so as to ensure completeness of absorption (1.5 literdmin) of the toxic 
pollutants in the absorbent solutions. The air was bubbled through for 3 h. 

To determine toxic substances liberated from the urine the following chemi- /434 
cal methods were used. Acetone, mercaptans, oxides of nitrogen, hydro- 
carbons, carbon monoxide and fatty acids were determined by methods developed 
at the Erisman Institute of Hygiene and Sanitation [l, 6). Phenols were de- 
termined by a method based on the reaction of phenols with amidopyrin (M. F. 
Obukhova) . Ammonia together with aliphatic amines was determined by iodome- 
tric titration. 

The quantities of toxic substances were calculated per 100 ml urine. The 

The results in Table 1 show that considerable amounts of phenob, ammonia 

results of this series of experiments are given in Table 1. 

- 
and aliphatic amines, carbon monoxide and hydrocarbons are liberated from 
fresh urine when pure air is bubbled through it. Mercaptans and hydrogen sul- 
fide were found in trace amounts in only 5 of 11 samples. 
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TABLE 1. Liberation of Toxic Substances from Fresh Urine 

- 0,140 - 0,015 - 0,076 - - 
- 0,046 - 0,070 

0,033 0,094 - 0,030 

R 0,003 
Traces 0,006 

Quantity of toxic substances, md100 ml UI 

0,069 
0,023 

0,014 

0,007 
0.004 

- 
0,002 

Traces 
D 

R 
R 

.. 
Mean 

0,012 

rn 
0 

si 
pc 

d 

8 
0,014 
0,012 
0,029 
0,041 
0,026 
0,045 
0,033 
0,013 
0,017 
0,013 
0,016 

0,ON 

- - 
0,032 

0,029 
0,008 

0,003 

0,009 

Traces 

Traces 
Traces 

I I I 

i i i - 1 0,010 I - I 0,055 
I I I 

I 
cd 
0 
l-l 

0,038 
0,055 
0,083 
0,031 
0,038 
0,010 
0,021 - - 
4 

0,033 

*Content of substances in mg/liter air  bubbled through. 
Commas represent decimal points. 

TABLE 2. Liberation of Toxic Substances from Urine Kept 
for 3 Days in a Closed Container 

Quantity of toxic substances, mg/100 ml urine 

I a, 
4 g 4  

cds 
@ r n  ma,  

rns a *  

4 

cd 
Fr 

.. . _ _  

0,094 0,005 - - 0,151 0,0003 

0,001 0,007 
0,005 0,008 

- 
Mean 

0,014 0,006 

*Content of substances in mg/liter air bubbled through. 
Commas represent decimal points. 
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In the experiments of series 11 an attempt was made to determine the changes 
in the composition and quantity of toxic substances liberated from urine when 
kept for 3 days at a temperature of 18-20°. Urine in a volume of 500 ml was 
kept in hermetically sealed 5-liter glass bottles for three days. Next, samples 
of air were withdrawn from the bottles through a system of vessels with absor- 
bent solutions and into gas pipets. The results of these experiments are given 
in Table 2. 

As Table 2 shows, the air above the urine stored for 3 days is contaminated 
by several toxic products. In these experiments the same substances were 
found as in those of series I. In addition, oxides of nitrogen were found in the 
air samples. Comparison of the results of the experiments of series I and I1 
shows that the mean content of ammonia and aliphatic amines was practically 
the same in both cases. Liberation of phenols and acetone from urine during 
keeping was significantly less than when pure air was bubbled through fresh 
urine. Much larger quantities of fatty acids are liberated from urine stored for 
3 days than from fresh urine. 
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SEARCH FOR PREPARATIONS FOR PRESERVATION OF FECES FOR 
USE UNDER SPACE FLIGHT CONDITIONS 

L. N. Rogatina 

/435 Among the many measures directed toward the creation of satisfactory - 
flight conditions, a special place is occupied by the prevention of bacterial con- 
tamination and, in particular, the prevention of putrefaction and fermentation of 
excreta by the action of microorganisms. 

In my opinion, only substances free from pungent odor and toxicity are suit- 
able for  use for preservation and deodorization under space flight conditions. 

Chlorine preparations such as chloride of lime, calcium hypochlorite, 
chloramine, etc. , and phenol preparations (cresol, lysol, phenol and their deriv- /436 
atives in combinations with alkalies) are most commonly used for disinfection of 
human excreta at the present time. 

I refrained from using these preparations because of their strong odor, 
toxicity, the fact that some are branded articles, and they corrode metals. 
Their use even in exceedingly low concentrations in a small, confined space 
would make it impossible for man to remain there. 

To preserve food products and biological preparations, acids (boric, sulfo- 
salicylic, citric), salts (sodium chloride, sodium citrate), and broad-spectrum 
antibiotics (penicillin, chlortetracycline oleandomycin, niacin, etc. ) are used. 

Quaternary ammonium compounds are being increasingly used in practice 
for the disinfection of dishes, surfaces, linen, and.so on [2, 31. 

Ye, N. Nikiforova disinfected a fecal suspension with the preparation "Kata- 
min A,  belonging to the group of quaternary ammonium compounds and used in 
containers of aircraft toilets. W e  therefore tested several preparations from 
this group for the preservation of feces. 

Salts of silver, copper and manganese and also hydrogen peroxide are used 
for water preservation. The use of salts of heavy metals (copper sulfate and 
chloride) for disinfection and for prevention of fermentation and putrefaction of 
feces has been known for a long time. 

G. F. Gauze [l] considers that during prolonged contact between biological 
materials and silver salts, active ions enter the medium with gradually increas- 
ing intensity, replacing bound ions and thus ensuring prolonged anti-bacterial 
activity . 

We concluded from data in the literature that for the purposes of preserva- 
tion of feces under space flight conditions, it is most rational to concentrate 

- 
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TABLE 1. Effect of Preparations Added to Feces on 
Effectiveness of Preservation 

Preparation 

Silver fluoride 

Silver nitrate 

Silver sulfate 

Silver oxide 

Copper salt V*I 

Copper sulfate 

Results of seedings after: 

*Starting from 20 days and until 12 months none of the prep- 
arations weakened the preservative effect. 

Commas represent decimal points. 

I 
attention on the study of preparations from the following groups of chemical 
compounds: salts of heavy metals, quaternary ammonium compounds, antibiotics 
and oxidizing agents. 

Altogether 24 preparations were studied under laboratory conditions. 
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Samples of feces (50 g) were placed in sterile glass dishes and sprinkled 
with the test preparations in doses of 10 g/100 g feces. After mixing the feces 
with the preservative with a glass rod, the samples were placed in a dark cup- 
board at room temperature for 100 days. The temperature was recorded daily. 
Samples of feces without on of preservatives acted as control. The effec- 
tiveness of preservation was assessed by taking seedings from the experimental 
and control samples on nutrient media (meat-peptone agar , meat-peptone broth, 
Endo's medium , liver broth with cysteine). 

beginning of contact between the feces and test materials. The results of tests 

given in Table 2. 

\ 
/437 Seedings were made 5, 10, 15, 20, 25: 30, 60 and 100 days after the - 
/43 8 of preservatives of the feces for 100 days at the rate of 10 g/lOO g feces are - 

TABLE 2. 

Effective Ineffective Ineffective 

Silver fluoride 
Silver nitrate 
Silver sulfate 
Silver oxide 
Copper salt llV1l 
Copper sulfate 
Crystalline iodine 
F eziomon 
Katamin "KVV 
PTA 

Sodium chloride 
Potassium per- bromide 

Boric acid monium bromide 
Calcium oxide c -4 
Penicillin Cetyloctadecyltriethylam- 
Synthomycin monium bromide 
C hlor amphenic ol Hydrogen per oxide 
Erythromycin 
Oleandomycin 

C ety loctadecy lpyridinium 

manganete C etyloctadecyltrimethylam- 

W e  next studied the efficacy of six selected preparations suitable for preser- 
vation of feces and determined their minimal dose. The results of these experi- 
ments are shown in Table 1. 

It is clear from Table 1 that preservation of feces by silver (fluoride, ni- 
trate and sulfate) and copper preparations is possible with a dosage of 5-8 g/100 g 
feces. Copper sulfate has a weaker action, being effective only in a dose of 
30 g. 

Long exposures up to one year (end of the period of observation) did not 

The specific odor of feces was considerably weakened (deodorizing effect) , 
weaken the preservation effect. 

but it proved impossible to remove the odors arising from chemical decomposi- 
tion of the organic substances completely. 

pletely. 
When the preserved samples were dried, their odor disappeared com- 

If the cost of the preparations is compared with their efficacy, in our 
opinion the advantage rests with copper salt 'lV". 
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MEDICAL PROVISION FOR LONG SPACE FLIGHTS 

G. L. Yaroshenko, V. G. Terent'yev and V. A. Chichkin 

Space flight is always associated with the overcoming of gravitational forces, - /439 
and the weight and dimensions of the spacecraft at each stage of space exploration 
are restricted. For this reason medical provision for space flight is based on the 
principles of unification and universalization of medical equipment and the reduc- 
tion in their weight by replacing metallic parts of instruments by synthetic prod- 
ucts and by discarding ballast material from standard therapeutic forms. How- 
ever, while adhering to these principles, it is impossible to include in the 
dispensary on board the spacecraft all the variety of medical equipment used on 
earth. Furthermore, this is unnecessary. The presence of medicines for the 
treatment of diseases not encountered during space flight (some chronic and 
endemic diseases , diseases associated with specific ages, diseases caused by 
insect and snake bites, etc.) would simply complicate the furnishing of such a 
dispensary. On board the spacecraft there must be only those medicines essen- 
tial for treating the most probable or all the possible diseases and disorders 
arising during flight. These include the sequelae of physiological changes ob- 
served during space flights and in experiments simulating space flights (changes 
in endocrine influences, in the hemodynamics, the coagulation of the blood, de- 
calcification of bones, dehydration of tissues, disorientation of the kinetic 
receptor apparatus, and so on). 

A sudden increase in radiation associated with chromosphere activity of the 
sun may produce radiation sickness, Although as a result of the combined action 
of cosmic factors during a prolonged flight new and as yet unknown diseases may 
arise, the most likely event is the appearance of diseases encountered on earth, 
particularly in isolated groups of sailors and polar explorers [l]. Such persons 
are exposed for long periods to the action of extreme conditions, they remain for 
long periods under conditions close to those of space flight, and their morbidity 
may serve for guidance when forecasting morbidity among astronauts during long 
space flights, and hence, for forecasting equipment and materials necessary 
(P. V. Buyanov, V. G. Terent'yev, G. L. Yaroshenko). On these grounds, the 
probability of appearance of certain diseases has been calculated mathematically . /440 
and as a function of length of stay under extreme conditions (duration of space 
flight) and of the number of persons involved. * The calculation was made from 
morbidity data among polar explorers during wintering at stations within the Ant- 
artic continent. All the explorers had passed a preliminary medical examina- 
tion, including tests of tolerance to moderate degrees of anoxia in a pressure 
chamber, and were accepted as suitable for activity connected with their occupa- 
tion. They were mainly young (under 40 years of age). 

An attempt was made to determine the probability of illness among members 
of the crew of a spacecraft during a flight of long duration. The character of 
this investigation is determined by the type of statistical model of distribution 

* 
Crews consisting of men are envisaged. 
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which should be used for its solution. The Poisson distribution is a suitable 
model for this purpose, and is the one usually used to study rare events. 

lated by a point falling within a given segment I along the axis ox. In this case 
the probability of occurrence of m points in segment I is expressed by the 
formula 

When using Poisson's law, the occurrence of the expected event is simu- 

where X represents the mathematical expectancy of the number of points per 
unit of length (or the statistical probability of the event). 

The probability that no point shall fa l l  within the given segment I is given 
by : 

Finally, the probability R1 that any one point shall fall within the given seg- 
ment is given by: 

Let us now turn to the conditions of our investigation. W e  can state that 
the probability of any one attack of a certain disease among members of the crew 
during a given time interval can be expressed by the analogous formula: 

where n represents the number of members of the crew; X i  the statistical prob- 
ability of an attack of the given disease; and T the assigned time interval. 

The last formula is the basis for our calculations. By substituting different 
values of n, Xi and 7, values of the probability that members of the crew will 
suffer from a particular disease can be calculated for flights of different dura- 
tions. 

The results of calculations using Eq. (4) for certain diseases are given 
in Table 1. 

As Table 1 shows, the probability of occurrence of diseases rises with an 
increase in the number of persons and in the duration of their stay under extreme 
conditions. The probability of certain diseases for a crew of 10-15 persons, 
moreover, tends toward unity with an increase in length of exposure, i. e. , these 
diseases are found during space flight under certain conditions and astronauts 
must be prepared to give medical assistance should they appear. The least 

/442 -- 
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probability to be taken into account in the calculation depends (according to the 
"principle of practical certainty") on the risk presented by the part 
ease. The more dangerous the disease, the lower the probability 
pearance which must be taken into account, and conversely, the less the risk to 
health and working capacity presented by a disease, the greater its probability 
which can be disregarded. For example, if a group of 3 persons stays under ex- 
treme conditions for three months (Table l), the probability of appearance of 
diseases of the heart and blood vessels is very low (0.12). However, consider- 
ing the severity of the course and difficulty of diagnosis of these diseases, this 
probability of their occurrence must nevertheless be taken into account, and 
medical assistance must be regarded as essential. In the future, during the 
conquest of space, demands made on the functional capacity and training of as- 
tronauts are bound to increase, conditions of flight will be changed, and this 
must evidently result in some lowering of standards concerning the state of 
physical health. This may result in an increase in the number of cases of illness 
during prolonged space flights, and the problem of medical provision for them 
will become more urgent still. 

A s  a result of the use of this approach to the problem of medical provision 
for prolonged space flights, taking into account the complete and systematic 
data available on morbidity of small groups of polar explorers, sailors making 
long single-handed voyages, experimental subjects, astronauts, and so on, we 
Can: 

a) forecast the most probable disturbances and diseases and the time of 
their appearance; 

b) provide the necessary measures for their treatment and control; 

e) determine the level of training of astronauts necessary for rendering 
medical assistance during flights of different durations and for crews consisting 
of different numbers of persons; and 

the spacecraft. 

medical provision for expedition for whatever purpose. 

d) determine flight conditions under which a physician must travel on board 

The suggested method may prove useful for the specification of optimal 
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PHYSIOLOGICAL ASPECTS OF THE USE OF HYPOTHERMIA IN 
SPACE MEDICINE 

P. V. Vasil'yev and G. D. Glod 

The problem of controlled modification of reactivity of the living organism 
by artificial hypothermia has long attracted the attention of investigators. The 
first accounts of the effective use of hypothermia in medical practice were given 
near the middle of last century F4, 21, 32). However, until recently it could not 
be regarded as finally solved. Many theoretical and practical aspects of artifi- 
cial hypothermia of the warm-blooded organism remained debatable. 

Considerable advances in the field of study of pathophysiology of states with 
a reduced body temperature were achieved by the study of cooling and freezing 
[l, 6, 201, and also of the seasonal hibernation and anabiosis [2, 12, 17). 

/443 
L_ 

The most active period of study of the pathophysiology of artificial hypother- 
mia of animals and man have been the last few decades [28, 29, 39, 43, 44, 473. 

Many investigators have shown conclusively that artificial hypothermia is an 
effective means of treatment of anoxia and shock. Deep hypothermia has proved 
of great promise for prolonging the period of reversible changes during clinical 
death. 

Because of the practical needs of anesthesiology and surgery, many investi- 
gations have been directed toward the study of the deepest possible reversible 
hypothermia for comparatively short periods. 

The problem of prolonged hypothermia, which was widely studied in the 
1950's [33-35, 42, 451, at present has few investigators. However, statements 
continue to appear in the literature on the great practical value of moderate 
prolonged hypothermia with complete preservation of vital activity of the orga- 
nism. The suggestion has been made that hypothermia is potentially useful in 
spaceresearchL8, 1 7 ,  19, 27, 32, 411. 

Experimental investigations have demonstrated an increase in the resistance 
of the artificially hypothermic organism to influences such as ionizing radiation 
and overloading [3, 5, 9-11, 13, 25, 26, 30, 46). In addition, artificial hypo- 
thermia or artificial hibernation may be very convenient for the transportation of 
biological objects on board the spacecraft. 

The methods of producing artificial hypothermia widely used in clinical 
practice are cumbersome and technically difficult, and for that reason they are 
unsuitable for space research. Comparison of data in the literature on methods 
of moderate hypothermia does not permit preference being attached to any one 
of them, because of the largely contradictory opinions expressed. The main dis- 
agreements are concerned with the desirability and depth of hypothermia, the 
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method of cooling and, above all, the method of preventing excessive reflex re- 
actions of the organism preventing the development of hypothermia. 

Nowadays most authors use a combination of pharmacological blocking and 
cooling. However, the composition of "lytic mjxtures *' is not finally settled, and 
some investigators do not recommend their use at all, for they prevent operation 
of physiological control mechanisms during the period of recovery of functions on 
reheating. 

The description of the character of the pathophysiological changes is ex- 
tremely variegated for different authors frequently cite results obtained by dif- 
ferent methods of artificial hypothermia. The most careful study has been made 
of the central nervous system and circulatory organs. Much less attention has 
been devoted to changes in respiration. This is because with the very first 
studies, marked disturbances of external respiration were established. Without 
going more deeply into their study, investigators followed the most logical paths 
from the point of view of clinical practice. To prevent possible respiratory 
anoxia, it became the common practice to use compensated, and later artificial, 
respiration against a background of deep curarization, more especially because 
this also solved a second, no less important problem, the prevention of reflex 
shivering. Naturally we can discuss a method of artificial hypothermia capable 
of use under space flight conditions on an actual basis only if it responds to a 
number of essential conditions. One of the most important of these is the 
following: the safety and reliability of the method, which is able to produce 
prolonged and easily controlled reversible hypothermia with a considerable de- 
crease in reactivity of the organism. Obviously elements of the method such as 
artificial respiration and, in particular, the artificial circulation are ruled out. 
It thus follows that investigators are confronted by the problem of developing 
new methods of induction of moderate hypothermia responding most completely 
to the demands presented, Most attention must be paid to the more complete 
study of safety limits of the depth and duration of artificial hypothermia with 
maintenance of spontaneous respiration and circulation. Some attempts at solv- 
ing these problems have been made by the present authors in experiments on A- 
bino rats and dogs. 

- /445 

Under standard conditions of external air cooling, various methods for pre- 
venting reflex reactions of the organism to the action of cold were tested. Dif- 
ferent combinations of a "lytic mixture, I t  short-action barbiturates, urethane 
anesthesia, relaxants, and a modified gaseous environment (hypercapnia and hy- 
poxia) were used. Attention was concentrated on the study of the functions of 
gas exchange, respiration and the circulation. 

The investigations revealed considerable differences in the course of hypo- 
thermia depending on the method used. Not one of the combinations of the sub- 
stances mentioned completely prevented undesirable symptoms of stress on 
mechanisms of physiological compensation in the first stages of hypothermia. 
In all the experiments the first general adaptive response of the animal (as de- 
scribed by I. R. Petrov) was clearly observed, in the form of quickening of the 
heart rate, quickening and strengthening of respiration, some increase in the 
oxygen demand, muscular tremor, and s o  on. However, the severity and dura- 
tion of this phase of hypothermia were due to the methods used to block reflex 
activity, and they enabled a comparative analysis to be made of the efficacy of 
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these methods. In experiments on rats, for instance, the best method of block- 
ing thermoregulatory mechanisms during cooling was found to be an environment 
with a gradually increasing level of hypercapnia and hypoxia 81. The first 
general adaptive reaction of the animal under these conditions was short in dur- 
ation and ill defined. Besides the subsequent deep depression of all the principal 
vitally important functions of the organism, the ability for hypothermia to under- 
go rapid reversal persisted for a long time. Compared with other methods 
studied, this gave the highest oxygen level in the arterial blood, indicating not 
only the efficiency of external respiration, but also the more optimal conditions 
of maintenance of homeostasis. The eqyme systems of tissue respiration (suc- 
cinate dehydrogenase and cytochrome oxidase of the liver) showed high resis- 
tance to hypothermia, and their activity remained unchanged when the body tem- 
perature of the animals had fallen to 20°. Moreover, the liver succinate dehydro- 
genase activity corresponded to the changed temperature of the tissue environ- 
ment. For  example, in rats cooled to 20' the oxygen demand was about one-fifth 
of its initial level, and the succinate dehydrogenase activity was lowered on the 
average of one-quarter. Having regard to the high resistance of tissue respira- 
tion mechanism to hypothermia, we were justified in assuming that during artifi- 
cial hypothermia with maintenance of natural respiration, pathophysiological 
disturbances arise as a result of disturbances of functions of the organs supplying 
oxygen to the tissues. 

The high resistance of albino rats, cooled under conditions of gradualiy 
increasing hypercapnia and hypoxia, to the action of prolonged radial accelera- 
tion, to hypoxic hypoxia, and to a high degree of rarefaction of the atmosphere 
(experiments carred out jointly with V. S. Oganov and N. N. Timofeyev) demon- 
strated the efficacy of the condition obtained, 

Hypothermia produced by cooling with other methods for preventing reflex 
reactions greatly reduced the resistance of animals to overloading. 

In experiments on dogs, the best method of preventing excessive reflex 
responses interfering with the development of hypothermia was by means of a 
neurovegetative block by "lytic mixture" (chlorpromazine 5 mg/kg, pipolphen 
5 mg/kg, trimeperidine 1 mg/kg, and methyldiazine 0.5 mg/kg), combined 
with short-action barbiturate and controlled carbon dioxide anesthesia. The 
physiological indices studied showed considerable variation , but their degree 
differed from those in experiments using hypothermia under urethane anesthesia 
(Table 1). 

The minute volume of respiration and the respiratory quotient, for instance, 
remained at a higher level whereas the oxygen consumption was lower. The 
function of the circulatory organs was inhibited much more deeply; the minute 
volume of the heart and the mean arterial blood pressure fell more than during 
urethane anesthesia, but the tissue oxygen supply was disturbed to a lesser 
degree. Despite the marked decrease in oxygen capacity of the blood because of 
"chlorpromazine" hydremia, the utilization of hemoglobin was more complete 
and the arterio-venous oxygen difference showed a much smaller change. All  
this indicated a less severe disturbance of homeostasis in the animals after 
blocking of thermoregulatory mechanisms by the "lytic mixture" and short- 
action barbiturates and, consequently, more favorable conditions for hypothermia 
to run its course than in the case of cooling during urethane anesthesia. 
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TABLE 1. Results of Comparison of Some Physiological 
Indices During Artificial Hypothermia in Dogs 

0,81 fO ,14 

2 ,O IfrO ,53 

0,53 fo ,03 
34,4*2,7 

13,85 f 0 , 7 3  

6,11f0,82 

0,383~0,089 

43,632, 16 

Indices 

1,08 -_tO,22 

6,09 10,58 

0,52 ko,n4 

69,3&4,83 

24,32 f O,92 

4,62&1,08 

0,75*0,13 

202,1 18,54 

Minute volume of 
respiration, liters . . 
0 o umption, 
m3/%$?mm. . . . . . 
Respiratory 
quotient . . . . . . . . 
Hematocrit 
index . . . . . . . . . . . 
0 2  concentration in 
arterial blood, v% . 
Arteriovenous differ- 
ences in 02, d o  . . . . 
Minute volume of 
heart, liters. . . . , 
Heart 
rate, % of 
initial . e . . . . 

- 
dethods of blocking reactions to cooling 

hexobarbital anesthesia 
(50 mdkg) (2.0 d k g )  

0 L R W  

,1 * fO,23 

5 ,O &0,70 

0,53 3Z0,02 

30,1f3,32 

5,58f1,34 

6,16f0,17 

0 58f0,08 

70,6 f 3 , 2 7  

27-23. 

0,72 IfiO, 17 

5,52+1,9fi 

0,46fiO $4 

75,5 k 6, Ofi 

!3,12*0,70 

4 ,52 f  i ,47 

0,91 fO,i14 

61 ,O f 4 , 5 9  

*Mean value f mean error. 
Commas represent decimal points. 

The efficacy of the use of hypercapnia has been demonstrated clearly during 
cooling of rodents [14, 16, 24, 361. Only occasional successful results of ex- 
periments on other species of animals have been described [25, 40). In this 
connection our experiments on dogs were exploratory in character. The degree 
of hypercapnia varied from 5 to 60%, and various combinations of hypercapnia 
with the "lytic mixture" and short-action barbiturates were used; from the re- 
sults of these experiments, the use of carbon dioxide anesthesia for blocking 
thermoregulation in dogs can be regarded as effective. Inhalation of hyper- 
capnic gas mixtures (30-40% CO ) made it possible to reduce the dose of bar- 
biturates substantially (to 20-30 mg/kg) , while maintaining an adequate depth 
of anesthesia. The advantages of inhalation anesthesia were preserved, and the 
animals reacted precisely to changes in carbon dioxide concentration in the in- 
haled gas mixture, so  that the process of hypothermia could be actively modi- 
fied at any stage. The temperature limits for cessation of activity of the respira- 
tory center were unchanged, but the volume of the pulmonary ventilation 

2 
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remained higher throughout the experiment. Hypercapnia had a very favorable 
effect during recovery from hypothermia. Inhalation of a gas mixture containing 
5-15% C 0 2  blocked the developing motor excitation and the muscular tremor and 
thus facilitated the more economic utilization of energy resources in the body 
during restoration of the normal rhythm of vital activity. 

Investigation of the mechanisms of disturbance of respiration in dogs in a 
state of artificial hypothermia showedthat, just as in experiments on rats, the 
processes of tissue respiration showed high resistance to the action of cold and 
remained capable of utilizing oxygen at near -background level. 

The duration of reversible hypothermia in our experimental conditions varied 
from a few hours to one day. The temperature limits of stabilization of artificial 

standpoint and in animals of the same species. Optimal levels of the rectal tem- 
perature at which hypothermia could be prolonged were 18-20' for rats and 23- 
25" for dogs , isothermia being maintained with an external environmental tem- 
perature of 15-18'. Cooling the animals below these temperature limits led to 
disturbance of the mechanisms of physiological regulation, one of the first 
manifestations of which was disturbance of the rhythm, followed by cessation of 
spontaneous respiration, after which all subsequent disturbances in the body 
developed rapidly. The symptom-complex of disturbance of physiological regu- 
lation as a rule developed within a few minutes and recovery from hypothermia 
was possible only if rapid and energetic measures were taken. 

/448 hypothermia were small and differed both from the comparative physiological - 

The production of artificial reversible hypothermia with considerable de- 
pression of the vital functions yet with essential preservation of homeostasis is 
a matter of considerable difficulty. Not one of the known techniques can satisfy 
the demand which must be presented if the use of hypothermia under the condi- 
tions of long-term space flights can be met in the future. Moreover, it would 
obviously be unjustified to attempt to develop a universal method applicable to 
all biological objects without regard to their level of physiological organization. 

It is difficult to judge the effectiveness of the state of artificial hypothermia 
obtained by examination of data such as the body temperature, the degree of 
lowering of the intensity of metabolic processes, and other physiological indices 
recorded in hypothermic animals. Under these circumstances the characteristics 
of development of hypothermia are very important , especially the degree of mani- 
festation of its first (compensatory) phase, resulting from the use of the method 
of blocking reflex reactions to cooling. 

Data in the literature and results of our own experiments can thus do no 
more than indicate some pathways for development of methods of artificial hy- 
pothermia for use in rats and dogs. The final solution of the problem requires 
extensive experimental research. Together with problems concerned with the 
development of methods for blocking thermoregulatory mechanisms, considerable 
attention must be paid to the investigation of the possibility of automation of the 
processes used in producing artificial hypothermia, to investigation of control 
over the basic physiological functions, of prolonged maintenance of the state of 
hypothermia and recovery from it. The investigations of Ye. V. Maystrakh and 
co-workers [14) and of other6 are of considerable interest in this respect. 

I 
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The practical use of artificial hypothermia during space flights wi l l  evi- 
dently be for several purposes. The most important of these are as follows: 
transportation of biological objects during flights of long duration, and their 
protection against the action of extreme factors (anoxia, radiation injury, 
etc.) . The possibility is not ruled out that in future such-a method of biologi- 
cal protection may also be used by the members of the sp raft crew during 
long flights in various emergency situations calling for st conomy in the 
use of oxygen, water and food products. A solution to the problem may be 
found by developing a method of controllable superficial hypothermia of the 
"artificial hibernation" type. The ,mergy gained in this manner may be much 
greater, for as numberous investigations by other workers have shown, the 
safe duration of artificial hibernation is many times greater than the possible 
duration of reversible artificial hypothermia. Should the need for the state of 
depressed vital activity be dictated by a single purpose--economy in oxygen 
and food, this will be the more promising method. 
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BIOTECHNOLOGY 

RESULTS OF PHYSIOLOGICAL AND ECOLOGICAL INVESTIGATIONS 
OF CHLORELLA CULTURES AS A LINK IN A CLOSED 

ECOLOGICAL SYSTEM* 

Ye. Ya. Shepelev and G. I. Meleshko 

The use of the principle of biological circulation of matter as a means of life /451 
support for the crew of spacecraft was suggested by K. E. Tsiolkovskiy 1131 as a 
natural. continuation of his work on the theoretical basis of interplanetary flights. 
It is worth noting that the first attempts at an experimental approach to this prob- 
lem were undertaken as long ago as in 1915-1919 by A. F. Tsander, an engineer 
who was one of the founders of rocket construction in the USSR. In experiments 
to grow vegetables on artificial soil substitutes (charcoal), he used human meta- 
bolic products for their nutrition Cl2). These were evidently the first experi- 
mental ecological investigations directly aimed at meeting astronautical needs. 

At the present time the idea of creating a closed cycle of circulation of matter 
is not only a subject of experimelital research, but is also embodied in design 
work undertaken by many laboratories in several different countries. 

Among the first components suggested for biological life-support systems in 
spacecraft were unicellular algae and, in particular, the genus Chlorella, which 
is now regarded as a probable element in the photosynthetic link included in the 
closed ecological Bystem. 

/452 

This paper describes a study mainly of the material balance of that part of 
the photosynthetic link which can be based on the use of unicellular algae. When 
this problem is examined certain general aspects of the simulation of ecological 
systems must not be overlooked, for they determine the main pathways to be 
followed in the development of individual functional links. In contrast to living 
nature, which at all stages of its evolution was an integrated system and never 
appeared by synthesis from preexisting elements, we are apparently compelled 
to follow a path of "one-act creation, f t  creating a functionally intact system from 
existing elements adapted for the performance of function when incorporated in 
another, already acting system, nature as it exists on.Earth. 

Because, of the unprecedented complexity of this problem, the choice of a 
general method of solution is extremely important. Obviously the method of direct 
synthesis by trial and error is unsuitable here because of the extreme complexity 
and the not always predictable volume of direct cannections and feedbacks between 
the elements of the constituted system. In this case the only suitable method is 
by the planned construction of a system as a whole and of its corresponding 

*Paper read at the 16th International Astronautical Congress, Athens, 
1965. - 
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components on the basis of preliminary calculations. In other words, the closed 
ecological system must be created from the very beginning as an integrated sys- 
tem with perfectly definite tasks and functional characteristics, determining its 
composition and structure and the main parameters of its component elements. 

of closed ecological systems is largely based on the study and quantitative des- 
cription of functional connections between preliminarily selected objects which 
determine their position, their requirements and their external work in the sys- 
tem of rotation of matter and energy, their ecological "niche. If 

It follows from what has been said that the design of experimental models 

We must therefore study and describe the input and output characteristic of 
the hypothetical elements of the future system. Such characteristics are an es- 
sential condition for the preliminary calculation and the practical accomplish- 
ment of models of biological systems for any definite purpose. 

The following principal characteristics may be stipulated, as essential for 
calculations and model construction, €or the link consisting of unicellular algae, 
the subject of this report. 

A. Input parameters. 

Energy: Optimal and extreme values of intensity and of spectral composition; 
intake regime, specific consumption. 

General conditions of function: Optimal and extreme values of temperature, 
acidity of medium, dynamic conditions of cultivation-mechanical overloads, 
pressure, and their differentials. 

Material requirements: Optimal and extreme values of concentration of car- 
bon dioxide and mineral food elements, their specific consumption. 

B, Output parameters. 

Energy: The free energy available in the system expressed as a ratio of the 
incident and absorbed energies. 

Material output: Specific productivity with respect to oxygen and biomass, 
chemical composition and food value of biomass, its coefficient of useful utiliza- 
tion in the system. 

Side processes: Pollution of the atmosphere with incidential contaminants, 
accumulation of p-roducts of cell metabolism and destruction in the nutrient me- 
dium. 

In addition, the provision of automatic control in the system requires the 
study of some special processes including the general properties of the link in the 
system of information and control: the informative value of individual parameters 
of the link, frequency characteristics of spontaneous and forced oscillations, the 
parameters of transitional processes and transmission functions, etc. 
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This report summarizes briefly the results of an investigation of charac- 
teristics of the material balance of Chlorella cultures essential for the determin- 
ation of their place and their requirements and of the role of matter. 

Data are also given relative to the dynamic properties of Chlorella cultures 
as an object for control. 

In the Soviet Union the study of cultures of unicellular algae for practical 
use in air regeneration systems was founded on the investigations of N. S. 
Gayevskaya, V.V. Pinevich, V.A. Chesnokov, N.N. Verzilin and others [l, 10, 
141 , and also on work by V. Ye. Semenenko, M. G. Vladimirova and A. A. Nichi- 
porovich bl]. 

The first attempts at supporting the gas exchange of animals and man by 
photosynthesis of Chlorella in closed gas-exchange systems were made in 1960-1961 
(G. I. Meleshko, Ye. K. Lebedeva, T. B. Galkina and others). Later they carried 
out complex investigations of Chlorella cultures as a possible link in a closed 
ecological system, 

The first experiments on the support of animal gas exchange led to the con- 
clusion that the successful experimental simulation of ecological systems re- 
quires the most accurate knowledge possible of the material and energy require- 
ments, the conditions of function, and the material outputs of each element of the 
system. 

/454 The direct application of physiological data to the creation of a stable and ___I 

highly productive biotechnologic process in populations of algae is hampered by 
the fact that their general physiological characteristics do not allow for the 
transforming effect of the population on the habitat. At the same time, as a result 
of this effect, the external environmental conditions do not always remain con- 
stant within the population but deviate from the initial value at the borders of the 
territory which it occupies (the biotope). The greater the density of the population 
and its specific productivity, the greater this deviation. 

Because of this factor, intrapopulation gradients of the properties of the me- 
dium arise, and this is an important feature distinguishing the population as a 
system from a simple multiplicity of individuals. For the quantitative assessment 
of functional connections of a given link in the ecological system it therefore be- 
came necessary to organize special experimental ecological investigations using 
as object a highly productive population of the species under study, with all the 
special features of the intrapopulation relationships of individual organisms and 
the relationship of the population as a whole with the surrounding medium. 

To obtain the essential data, a group of workers under G. I. Meleshko's 
direction carried out combined investigations of the material balance of Chlorella 
when cultivated in high-productivity photosynthetic reactors with a closed air 
system [3 ,  6-93. 

coefficient: the ratio between the volume of carbon dioxide utilized and the 
volume of oxygen produced, which must correspond to the respiratory quotient 
of the consumer links of the ecological system. Experimental determination of 

An important characteristic of the photosynthetic link is the gas-exchange 
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this value was based on direct measurements of the carbon dioxide and oxygen 
balance in a hermetically sealed system. The value obtained was 0.79 f 0.01 
with considerable dispersion (standard deviation 0.066). 

suspensionwithintherangefrom3 X 10 to 1 X l o l o  cells/ml and of the intensity 
of photosynthesis within the range from 0.15 to 6.0 liters C02/h from one liter 
of suspension. This level of the coefficient of gas exchange was obtained during 
cultivation of Chlorella on Trmiyds medium in which nitrates were the source of 
nitrogen. 

The gas-exchange coefficient was found to be independent of density of the 
8 

In cases when the source of nitrogen in the medium was urea, the coefficient 
of gas exchange rose to 0.995k0.022. when algae were cultivated on liquid and 
solid products of human metabolic activity, preliminarily mineralized in an 
aerobic bacterial reactor, the coefficient of gas exchange moved closer to its 
level on nitrate media, namely to 0.82 [SI. As the results show, the coefficient 
of gas exchange of a Chlorella culture on mineral and mineralized organic media 
lies within the usual limits of the human respiratory quotient. 

TABLE 1. Relationship between Increase in Biomass, 
Absorption of CO and Liberation of Oxygen in 2 

Intensive Chlorella Culture 

hi I I E  - 

Commas represent decimal points 

1 ,23 
1 , I 1  
f ,20 
I ,21 
1,211 
1 , l l  
1 ,:18 
1 ,:if; 
1,23 

1,23 +0,03 
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Later, in a special series of investigations, a simultaneous study was made 
of the. intensity of photosynthesis, the gas balance and mineral feeding of algae, 
and their elementary and biochemical composition. Some of these results are  
shown in Table 1, in which it can be seen that during the formation of 1 gram dry 
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substance of algae on the average 1 liter carbon dioxide is absorbed and 1.23 
liters oxygen liberated (at 20’). This ratio is maintained over a fairly wide 
range of densities of the culture, intensities of photosynthesis, pH of the me- 
dium and intensities of illumination. 

Element 

- - -. 

The high degree of correlation between the studied indices of intensity of 
photosynthesis means that any one of them is suitable as a criterion of productivity 
of the culture and as the source of informative signals for the automatic control 
of the principal growth conditions of the algal culture. Accordingly, in subse- 
quent experiments an automatic carbon dioxide gas analyzer with positioned regu- 
lation was successfully used. 

At the same time and in the same experiment the dynamics of extraction of 
mineral feeding elements from the culture medium and the accumulation of these 
elements in the algal cells (Table 2) and the biochemical composition of the cell 
matter were investigated [ 3, 61. 

Zf”” q 
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Comparison of loss of elements from the nutrient medium and their accumu- 
lation in the biomass shows that a proportion of them is resecreted into the cul- 
ture medium, probably in the form of products of cell metabolism o r  destruction, /456 
constituting a relatively small amount in the case of a highly productive culture. 
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intensive cultivation conditions. This was made possible by preliminary investi- 
gation of the optimal conditions of cultivation of algae in high-density populations. 

One object of the investigations was to discover the combination of condi- 
tions for cultivation of algae capable of maintaining a high level of specific 
productivity of their suspension. Such a combination was found and put into ef- 
fect in cultivation by the film method, by means of which under laboratory con- 
ditions the productivity of the culture could be increased to 8-10 liters oxygen 
from one liter of suspension per hour, i. e. , values commensurate with the po- 
tential capabilities of the Chlorella culture were obtained 7 3. 

The achievement of such a high level of productivity was also made possible 
by the fact that optimal levels of the principal condition of cultivation were re- 
vised to meet the specific properties of high-density populations. In particular, 
experiments by G. I. Meleshko and L. M. Krasotchenko revealed higher levels of 
saturating concentrations of carbon dioxide than those obtained in modern lab- 
oratory practice, reaching (in air) 1.5-1.8 and 4.5-5.5% for suspension densi- 

9 9 ties of 0.5-1 X 10 and 4-5 X 10 cells/ml respectively [SI. 

- /457 

Millions of 
cells/ml 

Z4Ur 

Days 

Figure 1. Growth of Cul- 
ture of Algae on Freshly 
Prepared and Reused Me- 

dium: 
1) Control (Freshly Pre- 
pared Medium); 2) Exper- 
iment (Reused Medium 
Without Dilution; 3 and 4) 
After Dilution 1:l and 1:3. 

When algae are cultivated in suspensions of 
high specific productivity, the accumulation of 
biologically active products in the culture medium 
becomes of practical importance. In some in- 
teresting experiments T. B. Galkina [ 21 showed 
that with an increase in density of the suspension, 
the initially stimulant action of the culture medium 
diminishes and then changes into an inhibitory ac- 
tion. The transition point in this case is the 
"physiological age" of this medium at which about 
500 million cells will grow per milliliter irre- 
spective of the actual cultivation time. 

When the experiment was performed in re- 
verse, serial dilutions were made of the same 
medium as that which exhibited an inhibitory 
action. This showed that the magnitude of the in- 
hibitory effect diminshes with dilution, and with 
further dilution changes into a stimulant effect. 
These results gave conclusive evidence that the 
stimulants and inhibitory action of substances 
accumulating in the medium during prolonged cul- 
tivation of algae are of the same nature (Fig. l). 

In a series of experiments in this group of investigations the content of cer- 
tain gaseous contaminants was determined in the closed air circuit of the re- 
actor [5]. Besides concerning existing data for the liberation of carbon mon- 
oxide by the Chlorella culture [15, 17, 19, 203, these experiments also showed 
that the specific accumulation of this gas is inversely proportional to the inten- 
sity of photosynthesis in the culture (Table 3). 

with the photosynthetic process. By analogy with the formation of endogenous 
The results suggest that carbon monoxide formation is not directly connected 
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carbon monoxide in the human body 1203, its formation during cultivation of 
algae may be associated with the oxidative destruction of the tetrapyrrole ring 
of the chlorophyll molecule. 

Parallel to this series of investigations, Ye. A. Ivanov and I. V. Aleksandrova /458 
studied the dynamics and frequency characteristics of an algal suspension as an 
object for control [4]. By means of a low-inertia polarographic method these 
workers showed that a stepwise change in the intensity of illumination induces a 
negative (opposite) phase in the photosynthetic reaction in 97% of cases. The 
mean duration of this phase is 3 min, after which the intensity of photosynthesis 
settles down to correspond to the new level of illumination. The total duration of 
the transitional process is 8-12 min. A subsequent study of the relationship be- 
tween the parameters of the transitional process and conditions of cultivation 
enabled these authors to deduce an analytical expression for transitional functions 
of a Chlorella culture depending on illumination. 

These workers also showed that the use of the negative phase of the photo- 
synthetic reaction during a stepwise change in illumination for the automatic 
search for  the extreme value of photosynthesis and for bringing the culture away 
from this value can shorten the time required for this purpose by 5-6 times (to 
50-60 sec) compared with a search based on the direct reaction. 

The results obtained by these workers reflect the demands made by the 
Chlorella suspension on the high-speed parameters of the automatic control sys  - 
tem based on illumination and they indicate ways of increasing the rapidity of 
action of automatic systems. Solution to problems of automatic control of algal 
cultures is inconceivable without investigation of the characteristics of self - 
oscillating processes in a controllable system. This problem was first considered 
and analyzed by Ivanov and Aleksandrova on the basis of an extensive experimental 
material [4] (see also the present collection). They found that spontaneous changes 
in photosynthesis arise fairly rarely and the probability of their appearance was 
0.18. The mean value of the deviation of intensity of photosynthesis from its 
mean under concrete experimental conditions was 2 21% and the mean rate of de- 
viation was 6.75%/hour. In some experiments a transition to a steady decrease 
in intensity of photosynthesis was observed with a mean rate of 3-4%/day. 

/459 
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W e  consider that the results of such investigations, besides being of 
immediate importance, are also of considerable interest as general criteria 
for the comparative assessment of the technologic quality of methods and 
apparatus used for cultivation of algae. 

reactors made it possible to obtain extensive physiological, ecological and 
technological characteristics of the algal culture. These characteristics are 
essential both for organization of high-productivity technology and also for the 
algal link when simulated in igolated gas-exchange dystems and closed systems 
of rotation of matter. 

The complex character of these investigations in high-productivity 

Probably these Pesults constitute that minimal volume of information 
essential with respect to any object included in an ecological system. Only if  
such data are available for each hypothetical link in the system can we consider 
the possibility of planned deSign of experimental ecological models and also 
the possibility of subsequent study O€ complBX relationship between closed 
systems as a fundamental task in their experimental ecology. 
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BIOTECHNICAL SYSTEM OF AUTOMATIC CONTROL 
OF PHOTOSYNTHESIS 

M.A. Khvedelidze, S.I. Dumbadze, V.G. Apridonidze, I. S. Zaalishvili, 
T. L. Khomeriki, Kh. G. Gagua, M. Sh. Lomsadze and B. T. Zhorzholiani 

Present achievements and future prospects in the field of cybernetics are  
such that the problem of optimal control of living systems can now be placed on 
€he agenda for active consideration. This problem assumes its most concrete 
form in the field of space biology in connection with human life support during 
long-duration space flights. 

/460 

There is thus an urgent need for creation of a system of optimal control of 
living organisms in a confined space and volume, i. e. , creation of a closed eco- 
logical system on the basis of the inclusion of unicellular algae, zooplankton, 
higher plants, animals and man as its components, This problem is most inti- 
mately connected with aspects of biocybernetics. Under natural conditions all 
plants are subjected to the action of 24-hour rhythms of alternating light and 
darkness. In response to these rhythms, similar rhythms of physiological ac- 
tivity have arisen in many plants. For instance, the effect of a rhythm of li ht 
and darkness on excretion of C02 by separate leaves has been demonstrated 'E 101. 

Preservation of rhythms in tissues of plants not subjected to periodic stimu- 
lation in the form of changes in intensity of light and temperature suggests that 
a clock mechanism or generator is present in the tissue itself. It is not yet 
clear whether these cell oscillators should be sought among individual physiologi- 
cal processes o r  whether such properties are  possessed only by whole cells 
[lo]. The external environment, the "external controlling system" directs the 
work of endogenous "biological clocks, " and synchronization of internal and ex- 
ternal periodic processes is not disturbed. By the creation of artificial external 
conditions these rhythms can be disturbed in plants for long periods of time. 

1461 - 

If external conditions are placed under the control of the plant, the function 
of a "biological clockf1 can be developed to a high degree by creating a strong 
positive link between the control system and the external "controlled system. (' 

If constancy of optimal parameters of the external environment is main- 
tained for a plant organism, the function of the "biological clock" loses its evo- 
lutionary significance. 

It must be assumed that the plant will become adapted to such a state of the 
environment if, in principle, it can exist and develop without periodic changes 
in the external environment. 

It is clearly of great interest to undertake prolonged investigations of plants 
from the evolutionary aspect under two conditions unusual for the organism: when 
the external environmental parameters are strictly constant and when they are 
controlled by the plant's own "controlling system. '' The first investigations of 
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this type using methods of automation and cybernetics were initiated by: V. G. 
Karmanov and collaborators c3-51. In these experiments a higher plant switched 
the light on and off without human assistance entirely in accordance with its own 
requirements associated with the diurnal course of transpiration. 

For a bionic system of control of the source of light of this type, in principle 
any sensors of the intensity of photosynthesis may be used. If the electronic cur- 
rent at the submolecular level is a universal method of control of metabolism 
[ 93, this method is still more applicable in a biotechnical system for the control 
of the external parameters of the environment by a plant organism. In particu- 
lar, it is rational to use an amperometric method of measuring the intensity of 
liberation of photosynthetic oxygen in a system for controlling the period of light 
and darkness by suspensions of the alga Chlorella. 

The literature on this method of measurement is adequate, and the main 
problem in the recording technique which is discussed is the choice of measuring 
electrodes [ll]. 

Measurement of the volt-ampere characteristics of individual elements in 
electrolytes ensures, on the one hand, adequate accuracy of measurement, and, 
onthe other hand, it enables the mobility of certain ions to be distinguished if 
particular voltages are applied to the electrodes, excluding the remaining ions 
from the process. 

Platinum is used as the oxygen cathode for electrochemical measurement of 
the oxygen concentration i n  the liquid medium. 

It was shown that if the cathode potential was between 0.6 and 0.9 V, the 
current in the measuring circuit was proportional to the oxygen concentration in 
solution 11, 1 2 ,  131. It must be emphasized that as yet we do not completely 
understand electrode processes during the cathodic reduction of oxygen. How- 
ever, the fact is certain that the concentration of dissolved oxygen is proportional 
to the current, which is negligibly small in the absence of oxygen. A detailed 
analysis and description of various types of oxygen cathodes of open type, oscil- 
lating and rotating cathodes, and cathodes of closed design is given in the litera- 
ture [ll, 13, 15, 16). It has been shown that the smaller the electrode, the 
shorter the delay before it reacts to a change in oxygen concentration [13]. 

The Soviet literature contains a number of papers on measurement of oxygen 
concentration in a liquid medium in connection with biological research [2, 6-81. 
In particular, in one investigation [8)  an amperometric method was used to study 
kinetics of photosynthesis and respiration of aquatic plants on the basis of changes 
in the oxygen concentration in the suspension. 

The advantage of the amperometric method over the polarographic method 
-9 is obvious on comparing the sensitivity of measurement (10 

compared with 10 ) and the speed of the electrode reaction to a change in O2 
concentration in the medium (fractions of a second compared with minutes). 

mole/liter oxygen 
-7 
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To determine the intensity of photosynthesis in relative units, a platinum 
anode can also be used if the current in the circuit is generated by an external 
source. 
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To investigate the photoelectric characteristics of a Chlorella culture we 
constructed a series of measuring vessels from organic glass. 

The platinum measuring electrodes inside the vessel are shown diagrammati- 
cally in Fig. 1 (lower diagram). The Chlorella suspension can flow between two 
cylindrical vessels through a narrow channel 20 mm long, 2 mm wide and 0.2 
mm high. The floor of this channel is covered by a platinum plate measuring 
12 X 2 mm. This platinum plate acts as recording cathode electrode of the 
photoelectrochemical process of photosynthesis by cells of the Chlorella sus- 
pension. 

3 

3 
a 

Li ht-flux from Objecrtive with 175j-w lamp lens system 
/ 

b 

Flaw of 
Chlorella 
suspension 

Figure 1. Diagram of System of Measurement of Inten- 
sity of Liberation of Photosyntlietic Oxygen in Suspension 
of Ghlqrella Culture (a) and Construction of Electrode 
Measuring Cell for Automatic Impulse Control of Light 
Source and Fixation of Photic Impulses by Photodiode @). 

The organic glass lid, about 0.08 mm in thickness, is hermetically glued to 
the side walls of the canal, The second recording electrodes consist of two plati- 
num coils wound around a vertical axis in two cylindrical vessels with an internal 
diameter of 15 mm and height 15  mm. To create a current of the Chlorella sus- /463 
pension through the measuring electrodes and to enrich the suspension with oxygen 
and carbon dioxide, the two lateral cylindrical vessels are connected to two culti- 
vators with a capacity of 250 ml each, placed at different levels. 

- 
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Because of the glass edge of the cultivators, the volume o€ Chlorella sus- 
pension flowing in unit time can be regulated. A motion picture projector 8P-1 
with 170 W incandescent lamp K-30 was used as source of light. The beam of 
light is interrupted in the narrow focus aperture of the projector by a tungsten 
flag measuring 2 X 3 mm fixed to the armature of a polarized relay RP-5. Sig- 
nals from a type GIs-2 dual pulse generator or from the automatic control sys- 
tem depending on the index of intensity of photosynt4esis can be applied to the 
winding of the relay to modulate the light flux. 

The signal of the photoelectrochemical process of photosynthesis generated 
between the active cathode and the two anodes ia fed into the measuring circuit 
(Fig. 1 , top diagram). By means of commutation the signals to be investigated 
can be recorded by means of a dc amplifier (DCA) and dual-beam oscillograph 
or  by means of an automatic writer of N-373 type on squared paper tape. The 
second channel of the oscillograph is used to record the time of application and 
interruption of the light flux by means of a type FD-3 photodiode. The equiva- 
lent electrical circuit of the system for measuring the intensity of photosynthesis 
is given in Fig. 2. 

/464 

The combined current of two parallel 
circuits produced by the EMF En, Ek and 
E, flows through the load resistance RH. 
When En lies between -0.6 and -0.8, Ek 
represents the EMF determining the initial 
zero position of the pointer of the automatic 
writer N-373 in the absence of light flux; 
E, represents the EMF on the measuring 

-,Electrodes 
land Chlor- 

I sion 
I- ' 'uspen- electrodes. 

The fall in voltage at the resistance RH 
i s  proportional to the current in the elec- 
trode circuit and determines the intensity of 
liberation of photosynthetic orjgen. 

Figure 2. Equivalent Electrical 
Circuit of Apparatus for Measur- 
ing Intensity of Liberation of 
Photosynthetic 0, by an Ampero- 
metric Method in a Suspension of 

To feed the signal from the circuit for 
measuring the intensity of photosynthesis 
into the automatic control system, it dif- 
ferential circuit and design of the 9.ightff 
and "darkness" signal detector were used 

Chlorella Culture. in the executive organ. A s  signal detectors, 
two type FD-1 photodiodes were usedj fixed 
on sliding contacts along an arc behind the 
scale of the N-373 automatic writer and in- 
side the instrument. The photodiodes can 

be moved along the arc to any scale division to the right or left with its own 
pointer. This movement can be carried out from the scale side without opening 
the instrument. 

Al l  along the axis of the moveable frame of the instrument , above the hori- 
zontal plane of the pointer is fixed a thin optical mirror, used to reflect the 
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beam of light through go", to run parallel to the line of movement of the instru- 
ment pointer until it meets the photodiode. 

Depending on the direction of the current in the differential circuit of the 
photodiodes , the polarized relay RP-5 functions in accordance with the conven- 
tional signal "light1' or "darkness. " This signal is applied to the executive ele- 
ment, a second relay RP-5, fixed to the 8P-1 motion picture projector, where 
its tungsten flag on the armature obstructs o r  transmits the light flux to the 
Chlorella suspension. The who12 circuit of the automatic system is supplied 
from a 6-V battery. 

/465 

In this way, our modified N-373 instrument, with a feedback between the 
Chlorella suspension and the source of light through the circuit of an ampero- 
metric system for measuring the intensity of photosynthesis, enables the light- 
darkness regime of the Chlorella suspension itself to be controlled automatically 
and at the same time enables this process to be recorded. 

Clearly, if all parameters are constant, the rate of change of the intensity of 
photosynthesis in relative units will be determined by the sensitivity of the appara- 
tus, i. e. , by the'limit of the measurement scale of the N-373 automatic writer. 
Consequently, by choosing the measurement scale, the recording can be made at 
stipulated time intervals on squared paper, to correspond to the reaching of sat- 
uration of the photosynthetic process for a stipulated volume of the colony of 
Chlorella culture. In this position of the automatic writer pointer, the differen- 
tial circuit may operate and send a signal to the executive organ with the conven- 
tional action signal "darkness. " After a definite time interval determined by the 
reaction of the Chlorella suspension to darkness, the curve of the recording 
changes to the opposite direction. The Chlorella suspension in darkness gradually 
modifies its function and the liberated photosynthetic oxygen is absorbed in the 
process of respiration. Movement of the automatic writer pointer is now deter- 
mined entirely by the process of respiration of the Chlorella culture on the corre- 
sponding measurement scale of the instrument, 

When it reaches the sixth position of the second photodiode, the beam of 
light generates a current in its circuit which operates the relay RP-5 into the 
conventional position of "light" and the Chlorella suspension, after a period of 
rest , can resume its photosynthetic function. 

Having set the limit of measurement and the position of the photodiode on 
the automatic writer scale, on the basis of the initial velocity of photosynthesis 
corresponding to a definite time interval, we can bestow on the photoelectro- 
chemical process of photosynthesis of the Chlorella culture the ability to control 
its own speed and, consequently, to control the times of its light and dark periods, 
by means of the feedback introduced between the output parameter of photosynthe- 
sis and the light flux. 

' 

- 

This type of automatic control can be assumed to be optimal if all the other - /467 
known parameters are optimal (intensity of light flux, temperature, composition 
of gas mixture, concentration of Chlorella suspension and composition of nutrient 
medium). 
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Our investigations of a suspension of a culture of Chlorella pyrenoidosa 82 
for a period of 6 months in a system providing automatic regulation of periods of 
light and darkness gave the following results. 

1. For a particular volume of Chlorella culture in a particular time inter- 
val, with a particular intensity of light flux, temperature, composition of gas 
medium and composition of liquid nutrient medium, the feedback to the source 
of light reveals the required rhythm of the light and darkness regime from 
tracings made by the automatic writer of the intensity of photosynthesis. 

2. As well as the natural rhythx- of the light-darkness cycle, arrhythmia 
is also found, when with the onset of darkness o r  illumination the current in the 
circuit controlling the intensity of photosynthesis and the polarity of the current 
do not change and do not obey the external factor, but oscillate around the same 
level with a period of the order of 1-1.5/min , producing a drop in voltage on the 
load resistance (1000 0 )  of the order of 0.04 mV. The duration of the period 
of arrhythmia did not exceed 25 min. 

Such a recording of the process investigated is illustrated in Figs, 3, a, b. 

This anomalous effect cannot be ascribed to error  in the working either of 
the automatic recording system or of the system of controlling the photoelectro- 
chemical process of photosynthesis. On the assumption that the automatic cir- 
cuit did not operate and the light flux was not interrupted, the process of increase 
of current must continue, because saturation of photosynthesis had not yet oc- 
curred as subsequent recordings showed. 

After a temporary disturbance of the relationship between the changes in 
electrochemical current and the light and darkness factor of this type, the normal 
relationship can be restored automatically to its previous form. 

(I 

It is clear from Fig. 3,  c that the photoelectrochemical process in light does 
not reach our assigned level at which operation of the automatic change from light 
to darkness must take place. Chlorella suspension apparently holds off o r  delays 
the onset of periodic darkening, changes of rhythm of the process, stretching the 
curve recorded into an S-shape, thereby lengthening the period from 6 to 1 0  min. 

3. Attention is drawn to the reaction time of the electrochemical current 
passing through the Chlorella suspension in darkness (Tr. dB ) and in light (Tr. ). 

High photosynthetic function of the Chlorella suspension corresponds to the 
condition that Tr, A sign of the rapid impending onset of 
saturation of the photoelectrochemical process of photosynthesis is a considerable 
increase in the time T compared with T . 

k68 
is greater than Tr. 

r. 1. r. d. 

In addition, the parameter itself, the time Tr. d. decreases and this may 
-also indicate the beginning of the process of saturation. 

There is a direct relationship between the parameter TrSd. and the intensity 
and the inten- of light flux and an invert relationship between the parameter Tr. 

sity of light flux. 
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Figure 3. Anomalous Recording of Curve of Current of Photoelectrochemical 
Process: a and b) After Period of Darkness or Illumination of the Chlorella Sus- 
pension, the Polarity of the Current ig Unchanged and Periodic Changes Take 
Place About the Same Level; c) The Current in Response to Light Does not Reach 
the Previous Value at Which Automatic Switching of the Light Modulator into the 

"Dark" Position Took Place. 
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Figure 4. Recording of Photoelectrochemical Current in a 
Suspension of Chlorella Corresponding to the Process of Sat- 
uration of Photosynthesis Taking Place in a Periodic Cycle 

Light- Darkne s s . I t  

Figure 4 shows the beginning of a process for which only 0.3 min was re- 
quired for the period light-darkness, while at the end of the recording this time 
is increased to 4 rnin and saturation of the photoelectrochemical process has 
taken place. 

and in light (Tr. 
trol of the duration of the period of 
light and darkness. 

Depending on the duration of the 
period of light and darkness, delay 

of the change in the current in the Chlorella suspension varied from 0.4 to 2 sec. 
With short pulses of light of f r e q u e m c  and duration 0.4 sec, the reaction 
time is considerably shortened and the amplitude of the current greatly reduced. 

) using manual con- Figure 5. Stepwise Increase in Photo- 
electrochemical Current in Chlorella 
Suspension During Illumination with 
Pulses of Light of Frequency 2 Hz and 

Duration 0.4 sec. 
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This is in agreement with the fact that under these circumstances the photic 
energy adsorbed by the sugpension falls considerably. The response of the photo- 
electrochemical current of the photosynthetic process in the Chlorella suspension 
was never observed to exceed 5 Hz when using a light source with a power of 
170 W. 
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During prolonged illumination of the Chlorella suspension with light 
pulses at a frequency of 2 Hz and duration '-Fig. 5), summation of 
the action of photic energy on the photoelectrochemical process is observed as 
a stepwise curve on the oscillograms. 
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STUDY OF PHOTOSYNTHESIS OF CHLORELLA. GROWN UNDER 
CONSTANT CONDITIONS 

I. V. Aleksandrova and Ye. A. Ivanov 

So that photosynthesis of a Chlorella culture as used in systems of biologi- 
tal air regeneration can be controlled, the degree of constancy of photosynthe- 
sis must be known when growth takes place under constant conditions 11 3. 
Several investigations have been made of this problem 2, 31, and they have 
shown that under constant external conditions the fluctuations in rate of photo- 
synthesis of Chlorella vulgaris a re  small, but over comparatively long periods 
of time the intensity of photosynthesis uqdergoes substantial changes. 

- /470 

The conditions of cultivation of Chlorella in biological air regeneration sys- 
tems differ essentially from the conditions of the experiments performed by the 
authors cited. Because of this, we carried out an investigation to measure the 
"spontaneous" changes in photosynthesis of Chlorella when cultivated in a special 
apparatus in which certain of the conditions were maintained at what we consider 
to be the characteristic level of systems of biological air regeneration (Fig. 1). 
These conditions were: the presence of a continuous circulation of the suspension 
of cells in a closed system, the comparatively large volume of Chlorella suspen- 
sion (7-8 liters) , and the possibility of maintaining certain of the cultivation con- 
ditions constant. 

To stabilize the temperature of the suspension the reactor was fitted with a 
jacket through which cooling water from the water supply was passed. The flow 
of water was controlled by the thermometer measuring the temperature of the 
suspension. With the constant illumination of the culture used in the experiment 
the error  of stabilization did not exceed 2 0.3O. 

To maintain a constant concentration of carbon dioxide and oxygen in the air 
bubbled through the suspension, a semiclosed gas system was used (Fig. 2 ) .  
The flow rate of gas through the gas analyzer was stabilized. The batcher in- 
troduced a strictly constant dose of C02 into the system in unit time. The de- 
sign and principle of operation of thebatcher will be clear from Fig. 3. It need 
only be mentioned that the clock controls the valves K1 and K2 so  that when one 
valve is open the other is closed. 

A distinguishing feature of this system is that, besides measuring the per- 
centage of C 0 2  by volume, the gas analyzer also records the intensity of photo- 
synthesis directly, and this greatly facilitates analysis of the experimental re- 
sults. 

If we denote the percentage concentration of CO in the gas discharged from 2 
the system by p, the C02 supplied from the batcher by q, and the quantity of 
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Gas outflow 30.0 Air from atmo- 
ere, - 30 liters/h 

Figure 1. Diagram of Experimenial Apparatus2 1) Bio- 
logical Reactor; 2)  Reducing Valves; 3) C 0 2  Batzher; 4 )  

Pump; 5) Electromagnetic Valve; 6)  Contact Thermome- 
ter; 7) Foam Suppressor; 8) Receiver; 9) Membrane 
Pump; 10) C 0 2  Gas Analyzer; 11) Instrument Recording 
Intensity of Photosynthesis; and 12) Voltage Stabilizer. 

Air from atmo- 
sphere, - 30 literdh 

Gas outflow 30.0 literdh 

Figure 2 .  Diagram of Gas Sys- 
tem. 

gas discharged from the system by Q , 
we obtain an expression for the intensity 
of photosynthesis (I ) determined by the 

PS 
quantity of C 0 2  assimilated by the cul- 

ture in unit time, as follows : 

- /471 

Q I = q - p -  PS 100' 

It will easily be seen that if the values 
of q and Q are unchanged, the gas analyzer 
can measure the intensity of photosynthesis 
directly on a certain scale. 

A list of the conditions of growth of 
the Chlorella as they were stabilized in 
the course of work with the apparatus, the 
level at which they were maintained, and 
the calculated values of the stabilization 
errors of these conditions and the changes 
produced by them in the intensity of 
photosynthesis are given in Table 1. 
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TABLE 1. Level of Photosynthesis of Chlorella under 
Different Conditions of Cultivation 

Stabilized conditions of 
growth of Chlorella 

Intens't of jllumi ation o culture 
Temperature of Chlorella 
suspension, "C .............. 
C02  concentration in bubbled 
air, % .  ................... 
Q concentration in bubbled 
air, % .................... 

(type 8 &-8 mncan&scent f amp), lux 

Intensity of aeration, liters/m e . . , 
Intensity of mixing of suspension 
outpu of pump), f t  iters min ................. 

Mineral feeding, ............. 
Density of c ltu e of Chlorella 
Percenta e of photosynthetically 
cells, cellsYcmS. ............ 
active ce a s in culture*** ....... 
Concentration of Hydrogen lons in th 

Error of apparatus measuring 
intensity of photosynthesis. ..... 
nutrient medium {pH value) ..... 

rn 
SI 
0 
.rl c1 

B 
8 
0 
ccc 
0 
a, 
0 

! 
8 

€i 

$ 
2 

0 
cd 
.rl 

w 
0 
d 

- 
k 
cd 

2 
8 

I__ 

: I  ,25 ** 

-7,5+* 

*This value also allows for the error  of measurement of the 
conditions of solution of C02 in the mineral nutrient medium dur- 
ing changes in temperature and the associated additional 
change in photosynthesis. 

**Regular errors in measurement of photosynthesis due to 
change in density of culture and to change in C02 concentration 
is bubbled air were allowed for during analysis of the experi- 
mental results. 

***Cells measuring 3 and 4 j~ and half the number of cells 
measuring 2 and 5 p. 

Commas represent decimal points. 
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Measured volume 

Figure 3. Diagram Showing Construction of 
Batche r . 

The overall standard random error of measurement of photosynthesis in 
these experiments, calculated as the statistical mean of the random errors 
listed in column 7 of Table 1, was 7.75%. 

During analysis of the experimental results, changes in the intensity of 
photosynthesis by a value less than this error  were disregarded, but changes 
exceeding the error  were considered as "spontaneousff changes in photosynthe- 
sis. 
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The curves of photosynthesis recorded by the apparatus were not smooth 
but contained many random fluctuations (Fig. 4). It was assumed that these 
fluctuations are due not to changes in photosynthesis, but to random deviations 
of the growth parameters from their stable values. This assumption was tested 
and confirmed by a series of experiments carried out on nutrient medium without 
seeding the culture (Fig. 5). On this basis, for the analysis of changes in 
photosynthesis under investigation, the curves recorded by the apparatus were 
first smoothed out. 

The mean duration of the individual experiments was 8-10 h. Three ex- 
periments lasted 50 h each. Differences in the character of the %pontaneous" 
changes in photosynthesis in the longer experiments were not significant com- 
pared with the shorter. The total duration of the experiments was 320 h. 
Analysis of the data in the course of the experiments showed that a further in- 
crease in the number of experiments does not introduce significant changes into 
the mean values obtained. Accordingly, a comparatively short total duration of 
the experiments was all that was necessary. 
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EFFECT OF SOME GASEOUS CONTAMINANTS IN THE ATMOSPHERE 
ON PHOTOSYNTHETIC ACTIVITY OF CHLORELLA 

M.M. Korotayev, V.V. Kustov, G.I. Meleshko, V.I. Mikhaylov, and 
Ye. Ya. Shepelev 

/475 The system of biological regeneration of air based on photosynthesis of - 
Chlorella is the simplest example of an ecological system with closed gas ex- 
change. Its atmosphere is the element of the environment through which the 
principal interactions take place between man, algae, and certain nonliving com- 
ponents of the system. 

The utilization of carbon dioxide excreted by man and regeneration of oxygen, 
i. e. , the relationship between respiratory and photosynthetic gas exchange, is 
not the only relationship between man and the plants, because the many-sided bio- 
chemical activity of man and plants under the conditions of a single air environ- 
ment introduces a number of new, and, in particular, toxicologic problems c 1  , 
53. 

The atmosphere of a closed living space is known to contain a number of 
gaseous contaminants, originating from man and plants and also from various 
materials of the cabin itself and-of its furnishings. An essential element of the 
investigation during the development of systems of biological air regeneration 
must therefore be an experimental ecological analysis of the air environment as 
a single medium of habitation of man and plants where each component of the 
atmosphere may have definite ecological significance both for each living element 
of the system directly and also indirectly through other elements. 

The functional unity of the system of mutual provision for the gas exchange 
needs of man and plants requires its study as a unified system. However, this 
does not rule out but, on the contrary, demands a preliminary isolated analysis 
of the special properties of each component from the point of view of their im- 
portance to other elements of the system. 

For instance , the development of photosynthetic systems of air regeneration 
raised the problem of the suitability of the regenerated atmosphere for respira- 
tion, because we know that plants secrete a number of substances harmful to 
man into the atmosphere. The experimental investigation of this problem as 
applied to cultivators of unicellular algae (Chlorella) revealed the practical im- 
portance of such a study and the need for further research in this direction [ Z ) .  

On the other hand, we know that man is a constant source of excretion into 
the  atmosphere of various volatile metabolic products. In particular, the dy- 
namics of excretion of ammonia, aldehydes , carbon monoxide , ketones , hydro- 
gen sulfide, mercaptans , hydrocarbons , fatty acids and other contaminants 
harmful to man and their accumulation in the inhabited atmosphere has been 
studied in some detail [ 1 1. 
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Meanwhile some of these substances possess' physiological activity with 
respect to metabolic processes in plants, and thus influence their photosynthetic 
activity. The ready solubility of many of these volatile contaminants in water 
makes them inevitable components of the medium in which the algae live, thus 
calling for investigation of the actual influence of these substances on the physio- 
logical state and photosynthetic activity of algae in e air regeneration system. 

In this paper we give preliminary results showing the effect of individual 
anthropogenic components of the inhabited atmosphere and of a group of contami- 
nants present in human expired air on photosynthesis of Chlorella. We studied 
the action of ammonia, carbon monoxide, hydrogen sulfide and acetone, and also 
of air expired directly by man into the gas system of the gas exchanger. The 
investigations were carried out in a rotation type of gas-exchange apparatus with 
an air volume of 25 or  65 liters and an intensity of illumination of about 26 klux. 
The algae (Chlorella pyrenoidosa) were cultivated on Tamiya's medium in air 
containing from 2 to 5% C02. 

The scheme of the experiment was as follows: over a period of 4-6 h the 
rate of photosynthesis was recorded under normal conditions of cultivation on the 
basis of the rate of absorption of C02 from the air circuit of the system. A gas 
analyzer of "Uras" type was used for this purpose, enabling continuous automatic 
recording of the CO concentration in the air. After a constant rate of photosyn- 
thesis had been established (control experiment), the gaseous substance to be 
investigated was introduced into the air circuit of the system and the rate of 
photosynthesis was again recorded for several hours. 

2 

The effect of addition of the test substance was calculated as the positive or  
negative change in velocity of photosynthesis after addition of the substance as a 
percentage of the initial velocity obtained in the control experiment, 

During the experiment the density of the suspension usually increased with- 
in the range 700-3000 million cells/ml, corresponding to the zone of linear in- 
crease in density of the culture when grown under these conditions and in this 
cultivator. 

The concentration of substances under study, when measured 1 h after their 
introduction and at the end of the experiment, varied within the following limits 
in different experiments: carbon monoxide from 0.1 to 0.04, ammonia from 
0.04 to 0.02, acetone from 0.06 to 0.01 and hydrogen sulfide under 0.0034 mg/ 
liter. 

- /477 

By the end of the experiment the concentration of all these substances in the 
air had fallen. 

To study the effect of small concentrations of carbon monoxide and acetone 
and of expired air on the photosynthetic activity of Chlorella, five experiments 
were carried out in each case; in addition, three further experiments were per- 
formed to study the action of small concentrations of hydrogen sulfide and 
ammonia, The results obtained are given in Tables 1-5. 
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Ammonia concen- 
1 

+.#A 8 /liter 
0 

F 
l-l 

k 

cw c 
8 

6 0,02 0,002 1845-2132 
18 0,02 ' 0,092 683-1394 
17 0,03 Traces 720-4216 

As Table 1 shows, in the last two experiments a slight stimulant effect was 
observed, due to absorption of a considerable part of the ammonia from the 
gaseous phase. There is no justification for regarding this effect as  to any degree 
specific. Under the conditions of these experiments, ammonia has no direct ac- 
tion on Chlorella cells, because it is combined in the culture medium in the form 
of ammonium carbonate, used by algae as a source of nitrogen. 

.-.I 

D P  0 
cd w 

1-4 
+9 
f 1 4  

TABLE 2. Changes in Rate of Photosynthesis of Chlorella 
under Influence of Low Concentrations of Carbon Monoxide 

I I 
Commas represent decimal pQints. 

These results are of course insufficient to allow definite conclusions to be 
drawn, but to some extent they agree with the findings of V. V. Pinevich and 
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eo-workers [3] indicating that Chlorella utilizes ammoniacal forms of nitrogen in 
preference to other sources of nitrogen feeding. 

Table 2. 
Data showing the effect of small doses of carbon monoxide are given in 

It is clear from Table 2 that after introduction of carbon monoxide into the 
gas exchanger the mean CO utilization by the Chlorella cells increased in every 2 
case by between 1 7  and 53%. A similar effect was observed in experiments to 
study the action of acetone (Table 3). 

2 
3 
3 
2 
5 

TABLE 3. Changes in Rate of Photosynthesis of 
Chlorella under Influences of Small 

Concentrations of Acetone - 

0,02 1050-2 102 4-24 
0,005 2300-24f7 4-18 
o , m  3100-3341 4-21 
0,016 800-890 + 4  
0,005 2300-2625 4-16 

I I I 

Commas represent decimal points. 

It follows from the results 
in Table 3 that the character 
of the changes in the rate of 
photosynthesis under the in- 
fluence of acetone was simi- 
lar to that observed during 
the action of carbon monox- 
ide, but the intensity of the 
stimulant effect was signifi- /478 
cantly smaller in this case. 
The maximal increase in the 
rate of C02 absorption by 
the cells here was 24%. 

- 

The results of experi- 
ments to study the action of hy- 
drogen sulfide are given in Table 4. 

The results in Table 4 
show that in two experiments 
with a higher concentration of 
hydrogen sulfide it had a 

marked inhibitory action, in full agreement with its blocking properties toward 
enzyme systems containing heavy metals [4]. 

Of the five experiments with expired air, three (Nos. 2, 3 and 5) gave some 
evidence of slight inhibition of photosynthesis (Table 5). 

A noticeable feature in the experiments with expired air was that in none of 
them was a stimulant effect obtained, as was nearly always observed in our 
other investigations (G. I. Meleshko) in which the air medium for Chlorella was 
the air from an inhabited airtight cabin containing not only expired air, but also 
the whale range of gaseous contaminants excreted as a result of human metabolic 
activity. 

The results of this investigation clearly do not yet justify final conclusions, 
and one of its purposes is to draw the attention of investigators to this problem. 
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TABLE 4. Changes in Rate of Photosynthesis of 
Chlorella under Influence of Small Concentrations of 

Hydrogen Sulfide 

7 
7 
5 

than o,(IQfll 2440-1785 -4 
0,Oo:G 1551341194 -44 
0,00"5 126O-18O7 --23 

TABLE 5. Changes in Rate of Photosynthesis of Chlorella 
under Influence of Human Expired A i r  

6 940-1228 
4 900--1-168 
2 1300--1407 

II I 

1700-I 920 -6 
1083-2052 

I 

This work is merely a preliminary attempt to establish the phenomenologic 
aspect of the situation insofar as it concerns concentrations of certain gaseous 
contaminants actually found in the inhabited atmosphere. However, in the first 
stages of the investigations, even the purely phenomenologic approach can prove 
useful. In particular, for instance, subsequent confirmation of the results ob- 
tained in this investigation concerning the absorption of carbon monoxide, am- 
monia and acetone from regenerated air by Chlorella cells, with a distinctly 
positive effect on photosynthesis, would be grounds for reexamining the question 
of the need for special filters to absorb these substances when present in photo- 
synthetic systems. 
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We consider that the study of the problems discussed in this paper must 
in the future form a permanent component of experimental ecological 
investigations of animal-plant associations. 
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CHARACTERISTICS OF GROWTH AND GAS EXCHANGE OF THE ALGA 
ANACYSTIS NIDULANS IN INTENSIVE CULTURE 

T.B. Galkina, 1.1. Kashkovskiy, O.A. Kurapova, Ye.K. Lebedeva, G.I. 
Meleshko and Yu. N. Ul'yanin 

When the choice of photoautotrophic organisms is being made for life sup- - /480 
port systems, the main requirement is high intensity of their photosynthetic 
processes and resistance to various external environmental factors. 

The blue-green algae are of considerable interest from this point of view. 
As the most primitive photoautotrophic organisms, the blue-green algae exhibit 
unusual physiological and biochemical variety connected with the great plasticity 
of their o anization. This enables the blue-green algae to live under extreme 
conditions 7 2, 79 and thus provides a wide range of forms possessing the most 
useful physiological and ecological characteristics. 

Contrary to widespread views , the literature now contains many facts indi- 
cating the high physiological activity of certain known forms of blue-green algae 
[8, lo]. 

One such form is Anacystis nidulans. When under conditions of intensive 
movement this unicellular alga is shaped like a short cylinder or rod measuring 
1.3 2 0.2 X 2.5 i 0.2 p . This form of alga was generously presented to us by 
V. V. Pinevich (Biological Institute, Leningrad University). 

The object of the present investigation was to continue the search for new 
forms of algae for use in photosynthetic gas exchanges. We investigated the 
productivity of this culture when grown under intensive conditions, the charac- 
teristics of its gas exchange, and the chemical composition of accumulated or- 
ganic matter. 

The culture of A. nidulans was grown on Arnon's medium. This medium 
was recommended to us by the Leningrad Biological Institute. After comparative 
studies of the rate of growth of a culture on the media of Arnon, Kratz and 
Myers [lo], and Takha [6], used for cultivation of blue-green algae, Arnon's 
medium was found to be most suitable for intensive cultivation of the algae be- 
cause of its high concentration of mineral elements. 

The composition of this medium was as follows (in g/liter): KN03 2.02; 
K2HP04 0.35; MgS04 0.25; KC1 0.3; NaCl 0.12; FeS04 0.025; CaS04 0.09; 

EDTA 0.05. Trace elements were added at the rate of 1 ml/liter medium. 

Before the experiment the culture was grown in a luminostat until its density 
was 0.2-0.5 g/liter, with an intensity of illumination of 7-8 klux and at a 
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temperature of 37-40", ventilated with a mixture of air and carbon dioxide. The 
culture was then centrifuged at 5000 rpm and resuspended in fresh nutrient me- 
dium with a single or double concentration of elements, after which the suspen- 
sion was transferred into the experimental reactor. 

The reactor consisted of a rotating cylinder with its outer surface illumi- 
nated by 3N-8 incandescent lamps. The intensity of illumination in the experi- 
m6nts varied from 20 to 60 klux depending on the density of the suspension, The 
experimental system included a closed air  circuit with a volume of 75 liters, in 
which the circulation of air was produced by a membrane pump. The C02 con- 
centration in the air circuit of the system was maintained between 1 and 5%. In 
these experiments the main conditions of cultivation. which had previously found 
to be optimal for Chlorella when grown in the same reactor were maintained. 
The air circuit of the system also included an automatic recording gas analyzer 
(Uras) for measuring the CO concentration in the gaseous phase of the system. 
The C 0 2  and oxygen concentration were periodically checked with Haldane's 
apparatus. The quantity of CO dissolved and fixed in the suspension was de- 
termined with Van Slyke's apparatus and the pH of the suspension was mea-. 
sured potentiometrically. 

2 

2 

The intensity of photosynthesis of the algal culture was assessed by the /482 
rate of CO consumption, the rate of 0 liberation, and the rate of accumulation 2 2 
of biomass. The increase in biomass was determined from the dry weight of the 
centrifuged and washed mass of cells. The elementary composition of the dry 
material was determined by chemical analysis. Ash was also determined quanti- 
tatively and qualitatively. In the course of the experiment the nitrogen concentra- 
tion in the medium was checked. 

- 
ff 4 8 12 16 20 24 28 32 36 4Ohours 

Figure 1. Dynamics of 
Growth of A. nidulans inIn- 
tensive Culture with Initial 
Density 0.35 (1) and 2.2 

(2) m g / d .  

mlCO2 
Yh 

t 0 

Figure 2. Comparative Charac- 
teristics of Rate of C02 Absorp- 
tion in Suspensions of Chlorella 

(1) and Anacystis (2). 

The characteristics of the rate of growth of the culture are illustrated in 
Fig. 1. Curve 2 shows that with a fairly high initial density the rate of increase 

454 



of biomass over the linear portion of the curve i8 0.65 g dry substance/liter/h, 
close to the productivity of the most active thermophilic forms of Chlorella 
cultivated under the 8ame conditions. 

The rates of absorption of CQ2 by Anacystis cultures of different densities 
are shown in Fig. 2 (Curve 2). For comparison, the corresponding values for 
Chlorella pyrenoidosa 5-39 obtained with analogous conditions of cultivation in 
The same reactor C43 are given (Curve 1). 

1,125 
0,975 
1,200 
3,070 
1,350 

2,850 
0,600 

1 , 420 

It ia clear from Fig. 2 that with suspensions of density of the order of 1-3 
g/liter, the productivity per unit volume of suspension of the compared forms of 
algae is practically identical. 

With a greater density of the suspension (6-7 g/liter) and a corresponding 
increase in illumination, the productivity of the Anacystis suspension per liter 
was found to be higher than that of Chlorella, 

is greater, because for equal densities by weight, the Chlorella suspension con- 
tains fewer cells. However, the smaller size of the Anacystis cells may be 
another advantage, because intensity of metabolism is proportional to total sur- 
face area of the cells. 

This should not be taken to mean that the absolute productivity of Anacystis 
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0,70 

0,75 
0,72 
0,75 
0.86 
0,92 
0,75 

O,W, 

Hence, like Chlorella, Anacystis can maintain a forced cultivation regime. 
Its productivity during preliminary trials under these conditions reached 26 
liters CO per liter suspension per day. 2 

The relationship between the quantity of C 0 2  absorbed by the cells and the 
quantity of oxygen liberated was also studied in these experiments. The results 
are given in Table 1. 

TABLE 1. Relationship between C02 Absorbed and O2 

Liberated during Intensive Cultivation of A. nidulans 

I 
P 

- .-- 
0 , 785 
0,825 
0,noo 
2 , 850 
1 , 010 
1,200 
2,620 
0,450 

1 

0" 

2 u - 

I 

"'u 
4 
Bo ala 
3u cg 
gc;; g z  

0,820 
0,150 
0,510 

1,050 
1,200 

0,525 

2,250 
2,550 

Mean 
Commas represent decimal points. 

1 , f20 0,73 
0,220 0,67 
0,075 0,72 
0 , 825 0.80 
1,350 0,78 
2 , 420 0,84 

2,850 0,89 
2,550 0.88 

0,79 
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The results given in Table 1 s h m  that the C02/02 ratio (the accumulation 
coefficient) varies from 0.70 to 0.90, with 3 mean value of 0.79. The effect of 
the nitrogen food supply on fluctuations ;In the.assimilation coefficient of Anacys - 
- tis is worth noting. After complete exhaustion of nitrate nitrogen from the me- 
dium (the appearance of NO2 or NH4 ions in the medium was not observed 
during cultivation), growth of the culture continued without any appreciable de- 
crease in rate (Fig. 3). The process of depl&ion of nitrogen in the medium, 
when calculated per gram of biomass formed , Ghows considerable irregularity 
in the case of Anacystis in contrast’ta Chlorella and Scenedesmus. As an ex- 
ample, data for nitrogen depletion in the medium are $veri h Table 2. 

- -+ 

c 

0 4 0 8 8 12 162024 283236 404448hrs 

Usually a steep drop is observed in ni- 
trogen depletion in most cases during the 
first hours of the experiment , and some- 
times in the middle of the experiment. As 
a rule this drop is followed by a decrease 
in the consumption of nitrogen from the 
medium by the cells. 

/484 - 
The mean loss of nitrogen from the 

medium, calculated per gram of dry sub- 
stance at the moment of its total disappear- 
ance from the medium was fairly stable, 
amounting to 120-150 mg/g depending on its 
initial concentration in the medium, If the 
loss of nitrogen from the medium is related 
to the total increase of biomass before the 
curve flattens out on the plateau, a value 
for the relative loss of nitrogen of 70-90 mg/ 
g dry substance is obtained, which is very 
close to the extraction of nitrogen by 

Figure 3. Dynamics of Increase 
of Biomass (l), pH of Medium (2) 
and Depletion of Nitrogen in Me- 
dium and (3) in a Culture of &a- 

cystis. 

Chlorella. The quantity of nitrogen found in the dry substance of the cells is the 
same as its mean extraction from the medium when the cultivation curve becomes 
a plateau. The utilization of extremely large quantities of nitrogen in the initial 
periods of growth and maintenance of a high rate of growth of the culture when 
mineral nitrogen is absent from the medium reflect distinctive features of the 
cell metabolism of blue-green algae. There are reports in the literature that the 
cells of these algae accumulate large quantities of soluble organic forms of ni- 
trogen, foremost among which are  diamino acids and amides [l, 111. 

The dynamics of the pH of the suspension during cultivation of Anacsstis is 
also shown in Fig. 3. With an increase in the biomass the pH moved toward the 
alkaline side from 5.3 to 7.9 in single-strength medium and from 4.5 to 8.1 in 
double-strength. The change in pH over this range was not reflected in the rate 
of growth of the culture. The increase in pH of the suspension was accompanied 
by accumulation of fixed C02 to 0.6 - 0.7 cm3 /ml. Near the time when all 

NO3 ions had disappeared from the medium the pH and concentration of bicar- 

bonates in the suspension were stabilized at the same level. 
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TABLE 2. Rate of Increase of Biomass and Extraction of 
Nitrogen from Medium during Intensive Cultivation of 

Commas represent decimal points. 

I 
2 
3 
4 
5 
6 

TABLE 3. Elementary Chemical Composition of Biomass of 
A. nidulans (% of dry weight) 

6,82 
8,OO 
8,62 
8,19 
8,OO 
7,91 

--_. 

Exper- 

No. 
-- iment 

I I I 
0,03 
0,07 
0,05 
0,03 
0,06 
0,04 

0,05 

0,15 0,24 
0,26 0,40 
0,25 0,25 
0,13 0,30 
0,21 0,24 
0,18 0,30 

0,20 I 0,29 

0,77 

0,96 
1,40 

1,20 

1 , i d  
1,43 

1,13 

0,05 
0,04 

0,04 

0.03 

0,04 

0,04 

I I I 

Fe 

0 , M  
0,09 
0,08 
0,os 
0,06 
0.09 

0,09 

Commas represent decimal points. 

It was also interesting to determine the elementary composition of the or- 
ganic matter of the cells, to some extent characteristic of their biochemical 
composition. 

For this purpose a washed and dried biomass obtained from experiments 
when the growth curve had come out onto a plateau was used. The ash content 
constituting on the average 4.6% of the dry weight, and its composition were de- 
termined in the biomass (Table 3). 
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The carbon content in the organic matter, expressed as a proportion of 
the ash-free residue, was 51. 44"L0, the hydrogen content 7.39%, nitrogen 
8.30% and oxygen 32.87% (mean .results of fixed determinations). 

Using these data as a starting point, the. empirical formula of the 
organic matter of which the cells of A. nidulans are formed was calculated, 
the result being C7, 22H12, 4o03, 46N 

The reducing power of the organic matter (R), calculated by means of 
M i h e r ' s  equation [12], is 40.81. This value is rather higher than for 
Chlorella [5]. 

These reulsts show that in its elementary chemical composition the 
biomass of Anacystis is similar to that of Chlorella, from which it differs 
mainly in its lower content of monovalent cations K and N a  [3]. The content 
of the principal biogenic element, carbon, hydrogen, oxygen and nitrogen, 
expressed relative to the content of organic matter, likewise showed no signi- 
ficant difference from their content in Chlorella. 

The results of these investigations showed that Anacystis nidulans can be 
used in intensive cultivation as well as Chlorella. A further study of the 
nitrogen feeding requirement and the associated metabolic processes in the 
cell may reveal the possibility of controlling the assimilation coefficient and 
hence the composition of the biomass of this alga. 
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CHOICE OF ANIMAL COMPONENTS OF CLOSED ECOLOGICAL SYSTEMS 

N. V. Mironova 

As  components of closed ecological systems various authors 11, 5, 9, 101 

During the study of the provision of a balanced human diet during long space 

j486 
have suggested crustaceans, mollusks, fishes, hens, rabbits and goats. 

flights the question of incorporation of vertebrates in the food cycles naturally 
arises, for this would provide man with essential and first-class proteins, fats 
and other food substances and, at the same time, give a diet to which he is ac- 
customed. 

There are few reports in the literature dealing with the inclusion of fish in a 
closed ecological system [14]. 

As components of a closed ecological system under spacecraft conditions 
fishes possess many advantages. They can be used almost entirely as food, be- 
came their body does not contain indigestible keratinous or chitinous parts. Fish 
also have very high food value and very acceptable taste properties. 

1487 

For these reasons the possibility must be examined that among fishes species 
can be chosen which are capable of existing and propagating in small containers 
under stipulated temperature conditions (a wide range being desirable), and not 
too fastidious with respect to oxygen content and other qualities of the water 
(pollution pH, etc. ) . 

Finally, a most important condition is the possibility that the selected 
species can be intfoduced between preceding and succeeding links in the food 
chair,, i. e. , the ability of this species to utilize organic matter of mainly vege- 
table origin, unsuitable as human food (unicellular algae, green mass of higher 
plants), on the one hand, and its suitability as human food on the other hand. 

The next stage in the study of this problem must be to establish quantitative 
indices for consumption and production; to study the ability of the species to 
give a rapid, considerable and uniform increase in biomass from a unit volume 
and unit weight of food. After preliminary choice of test object on the basis of 
general data concerning the biology of the species, the primary research pro- 
gram can be planned as follows: 

1) The study of the limits of food adaptability of the chosen object, its ability 
to utilize green mass of lower and higher plants and to grow on such a diet; 

2) The study of quantitative food requirements depending on its composition 
&d the age of the investigated organisms; 

3) The study of the rate of its increase in weight; 
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4) The study of special features and rate of reproduction; /488 

5) The obtaining of data for the rate of increase of population and of the 
total biomass of the population. 

The difficulty in choosing an object satisfying all the demands made on 
components of a closed ecological system will be obvious. For this reason, 
several species must be investigated. 

At the present time the species corresponding most fully to the presented 
demands is the tropical fish known as the tilapia (Tilapia mossambica Peters) 
belonging to the Cichlidae family. This conclusion is based on the following 
properties of this species: 

1. High ecological plasticity. 

2 .  Omnivorous and mainly phytophagous feeding habits. Ability to feed on 
algae, green mass of higher plants, and animals. 

3. A supposed ability to feed on Chlorella. 

4. A technically convenient optimum temperature of existence of between 
20 and 28', not requiring special thermoregulatory devices for its maintenance. 

5. Resistance to changes in temperature over a wide range (from +8 -10' 
to nearly 40°). 

6. Absence of demand of seasonal changes in temperature conditions. 

7. Absence of seasonal cyclic pattern of growth and reproduction (with 
consequent regular increase in biomass). 

8. Early maturation, frequent spawning all the year round, caring for 
offspring, rapid increase in population of biomass. 

9. High rate of growth at early age and attainment of suitable dimen- 
sions for consumption as food within a few months. 

on growth and propagation, reported in the literature [12Ji 

likely that a uniform increase in proteins may be obtained throughout the year 
by keeping this species under constant conditions of existence. 

It must be added to these remarks that analysis of the relative weights of 
different parts of the tilapia body (Table 1) showed that even in tilapia f r y  the 
weight of meat and skin as a percentage of the live body weight is very similar 
to that of the carp, amur, silver carp and bighead. 

10. Ability to exist in a high stocking density without appreciable influence 

From the propeflies of T~laplr$.nossambi~~'Petere listed above, it appears 
/489 
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TABLE 1. Relative Weights of Various Parts of the Body of 
Fishes (in % of Live Weight)* 

Species 

Tilapia. . . , 
t l  

? I  

11 

Carp. . . . 
White amur, 
Silver 
carp . . . . 
Big head. . 

- According to 
- 'Svkhoverkhodd t t  

1 1  

*The weight of blood and moisture lost during dissection 
is not distinguished in the data cited from the literature. In 
our results they are shown in a separate column. If this amount 
is added to the weight of meat, the results obtained are identical 
to those characteristic of the carp, while amur, silver carp and 
bighe ad 

Commas represent decimal points. 

CONDITIONS OF EXISTENCE OF EXPERIMENTAL FISH 

Special experiments to determine the tolerance limits of tilapia to tempera- 
ture and content of oxygen and organic substances in water were not undertaken. 
However, the water temperafur$ in the aquaria was recorded twice a day; in 
addition, samples of water fro& aquaria with different densities of stocking were 
analyzed hydrochemically, ih the mdrhing belore cleaning the aquaria (at the mo- 
ment of worst pollution of the water by decomposition products of excreta) and 
at the end of the day (after changing the water and introduction of food into the 
aqbaria). The fluctuations in temperature and chemical properties of the water 
thus discovered to some extent indicate changes in external environmental fac- 
tors tolerated by tilapia (Table 2). 
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TABLE 2. Fluctuations in Conditions of Existence of 
Tilapia in Experimental Aquaria" - 

Indices 

*The hydrochemical analyses were performed by N. F. 
Smirnova, Hydrochemis t in the Laboratory of Freshwater 
and Experimental Hydrobiology, AIN, USSR Academy of 
Sciences. 

Commas represent decimal points. 

A factor limitirlg the distfibiution of tilapia, inaluding Tilapia m,~ssqmb&ci+ 
under natural cahditiohs is th6 Wihter water telrinperatupe [13]. A temperature 
of 8' is lethal for this specie& [6, $23. 

AB the fesu1t.tb in *able 2 Bhbw, M &f experiment the tilgpi8 lived irh a. 
mean temperature of 20.7-27.3O. However, in some aquaria without speci.dl 
heating of the water, At ceftaifi fieridas thk! teriSf3eratut6 fell to 17.9";  if^ Some 
cases it rose for a short time to 30, 34 and 37.6'. As a rule the diurnal fluc- 
tuations of temperature did not exceed 2-3'. 

The oxygen concentratiofi in the Water: W%f3 eol'nparzltiVt2ly small, varying in 
different aquaria from 0.83 to 8.3'4 m&'liter, ahd the percentage saturation 
varied frsm 9.6 to 94.5, In h%lf the rtal4a rn~~tiQflef3 the oxygen cancentP8tion 
in the water was below 2 mg/litef. md the percentage saturation was below 50, 
while in one-third of cases it was below 20. The fish were kept in aquaria made 
of organic glass, 40 liters in capacity excluding soil and plants. 

The limits of stocking density were not studied. Up to 200 specimens of 2- 
month-old fry and up to 70 specimerls of 10- to 12-months-old fish were kept in the 
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aquaria. The maximal total live weight of fish per 40 liters water was 1408 g,  
i. e. , 35.2 g/liter water. 

NUTRITION 

According to reports in the literature, Tilapia,mossambica is extremely ac- 
commodating as regards food and under natural conditions will eat both animal 
and plant food. It lives on phytoplankton, filamentous algae, green mass of algae 
and higher aquatic plants, zooplankton, worms, insects and their larvae, tiny 
shrimps and other crustaceans ET, 122. In aquaria and pofids it readily eats 
white bread, chopped meat and fish, mollusks, oat flakes, oat and corn flour, 
all types of scraps and oil cake, grairi, rice, beans, soybeans, pressed aoconut, 
green mass of various plants, and kitchen waste. 

In 1963 we carried out investigations to study the ability of tilapia to feed on 
@;Peen particles of higher land plants of different families and differences in their 
inclreaSe in weight when fed in this way by comparison with fish receiving animal 
food (mainly moths). 

Initially all the tilapias received food usually given the fish in aquaria- 
midge larvae, tubifex, living and, in very small amounts dried, water flea& 
Fry obtained in the laboratory were fed on infusorians , vinegar eelworms , and 
water fleas, followed by small tubifex, larger tubifex, cut-up midge larvae and, 
finally, intact and large midge larvae. In 1964 the fry were given a simpler 
diet. In the early stages (until one month) the young fish received vinegar eel- 
worms and after the 1st-14th day, ground midge larvae together with ground sor- 
rel after the 10th-20thday. Later, they received cut-up, followed by whole midge 
larvae or  unchbpped green matter. In addition, the larvae and young fish re- 
ceived Chlorella as a suspension of living cells. The fact that the larvae ate the 
Chlorella cell6 wa8 proved by examMation of the excreta and intestihal contents, 
but it is of coW.se irhpossible to estimate this canmmption quantitatively $nd, 
still le&, to observe it direetly. 

Some of the expetiaental fish were used to study their ability to eat plant 
food, to determine which plants were presemed m d  which were rejected, and 
to make obsertrationi3 Oh chmges h the rate of grow%h on such a diet. For ck 
period of 6 months (from the age of 8 to 14 rnonths) these €ishe& received tri 
varied diet in which the proportion of animal food was gradually reduced and the 
propbrtion of plant food increased. After 70 days, animal food was completely 
excluded from the diet. In two aquaria 1l0 midge 1amAe whatever were given 
for 113 days. 

During the experiment the ability of tilapias to eat 12 species d plants be- 
longing to the families Polygonaceae, Chenopodiaceae, Umbelliferae, Caryo- 
phyllaceae, Cruciferae and Cucurbitaceae was investigated. The fish were 

-given green leaves of sorrel, rhubarb, beetroot, two species of orache, carrot, 
chickweed, cabbage, cauliflower, radish, lettuce and vegetable marrow. All 
these plants were eaten completely by the fish, but not with the same avidity. 
Sorrel and rhubarb were eaten with preference, and carrot. leaves least avidly. 
The harder and more solid parts of plants were eaten badly (the stems, the leaf 
veins). In an analogous experiment, Bishai @ ]  kept tilapia on Leguminaceae 
(Vicia faba L. ). 
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TABLE 3. 24-Hour Index for Tilapias of Different Ages 
1 .- 

iLS 
2Ls 
L 10 

L sa 
Ltoa 

Aquarium 1- I 
No. 

25 
26 
11 
25 
24 

I 

Age, months 

3-4 1 4-6 1 6 6  1 6-7 I 7-8 1 8-9 9-10 I io-11 1 ti-12 

fa 11 ii 6,o 5,5 4 7  4,4 3,4 2.9 
16 10 9 6,8 5,6 5,7 4,9 3,8 3,5 
18 12 11 6,4 5,O 5,O 3,6 3,5 3.6 
22 11 5,O 5,O 4,5 3,6 4,O 3,3 2,7 
18 10 6,O - 4,2 5,5 4,0 3,6 3,5 

Commas represent decimal points. 

Because all the plants suggested without exception were eaten, it can be 
hoped that tilapia will prove capable of being fed on the green mass of plants 
which will be included as components of the closed ecological system. 
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The food given to the fish was analyzed quantitatively starting from the time 
when they reach the age of about 1 month. Before this age the larvae and young 
fish were fed on infusorians and vinegar eelworms, which cannot be analyzed 
gravimetrically, 

By weighing the fish every month, the quantity of food required per unit 
body weight of tilapias of different ages per day can be calculated (as a mean 
value per month). This quantity, expressed as a percentage, is known as the 
24-hour index. Data for the 24-hour index €or tilapias of different ages and on 
different diets are given in Table 3. As  this table shows, the 24-hour index be- 
for tilapia decreases with age. If animal food is given, the 24-hour index be- 
tween the ages of 2 and 3 months is 22, between 3 and 4 months 18, from 5 to 6 
months its value has fallen to 8, and after 9 months it does not exceed 5. If 
tilapias aged 10-13 months are fed on plant food only, the 24-hour index varies 
between 10 and 20. 

The mean monthly food indices expressing the ratio between the weight 
of food eaten and the increase in body weight of the fish, are given in Table 4, 
The food index for fish aged 2-.3 months fed on an animal diet varies from 2. E 
to 10.1 with a mean value of 6.5. This means that for every 6.5 g of food 
eaten, the fish gains 1 g body weight. The food index for the fish aged 9 months 
has a mean value of 10. 

If the fish are transferred to a plant diet, consisting of plants to which they 
are unaccustomed, the food index rises appreciably. For fish (aged from 10 to 
13 months) receiving a plant diet exclusively, the mean food index varied from 
58 to 92. Much better indices of food utilization relative to growth were obtained 
for fish receiving mixed diet, in which various plants were supplemented by from 
20 to 60% of midge larvae. The food index for these fish varied from 58 to 27 
respectively. 

- /493 
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TABLE 4. Food Index of Tilapias of Different Ages 

1 

I L S  6.8 7,4 
zs, 7,6 8,5 
L 10 2,8 8,6 
L 6 l l  5,2 7,2 
b o a  10,1 8,2 

Aauarium I Age, months 

8,9 
10,6 
7,4 
8,7 
8,O 

8,8 
10,7 
12.8 
6,5 

1 6,O 

6,O 
5,6 
5,9 
6,7 

Mean i, 6,5 i" 8,O i 8,7 j 8,9 i 6,O 

0-10 - 
10,5. 

994 
10,9 
11,O 

10,3 
19,5 
16,4 
23,6 
l l , o  
11,3 

I I 
7,7 I 8,8 1 10,4 I 16,3 

Commas represent decimal points. 

GROWTH 

- 
11-12 - 
12,o 
10,o 
9,5 

12,8 
10,4 

- 
10,9 

All the experimental fishes starting from the age of 2 months were mea- 
sured and weighed every month. In this way data were obtained for their mean 
length, mean weight and increase in these parameters for each month of life. 

Before describing the results showing the rate of growth in weight of the 
tilapias in the aquaria, it should be emphasized that the gain in weight and size 
cannot in any way be regarded as the maximum possible. In the series of experi- 
ments undertaken, no attempt was made to obtain maximum increase by the use 
of complex diets and by increasing the qualititative value of the diet. On the 
contrary, the fish were deliberately kept under unfavorable nutritional conditions 
in order to determine their tolerance, and their adaptibility and potential ability 
to grow when fed on a monotonous diet quite out of keeping with natural condi- 
tions. Subsequent investigations will be carried out to investigate ways of 
keeping and feeding tilapias in order to obtain the maximum increase in weight. 

In his monograph on the biology and cultivation of tilapia, Chimitz 111,121 
cites the following limiting dimensions and weight of T. mossambica: 38-39 cm 
and 700-850 g. There are also reports that individuals of this species have at- 
tained even larger sizes. 

In connection with the present problem, the weight and rate of growth of the 
fry are interesting, because the long-term rearing of fish during space flights 
may not be economic. It is therefore important to know as far as possible ahead 
when the fish will reach a size suitable for use as food. 

Data showing the gain in weight of tilapias for each month of life during the 
first year as a percentage of their weight at the age of 12 months are given in 
Table 5. This table shows that most of the body weight attained by 12 months 
of age is formed between the third and 10th months. After 1 0  months the gain 
in weight falls slightly. 
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Aquarium 
No. 

- 
a 6  

2Ls 

Lioa 
LI, 

L63 

TABLE 6. Mean Length of Tilapias of Different Ages 
(in mm) 
- I- 

No. 
of Months 

speci- 

6 2,2 5,1 8,9 8,2 9,l 14,2 9,7 19,4 10.6 4,8 7,2 
6 2,2 611 7,2 5,2 9,3 13,2 12,8 13,7 14,i 5,8 10,6 

6 2,O 8,6 10,6 11,O 12,6 11,O 11,4 3,9 10,3 8,5 9,7 
12 1,9 6,3 15,O 11,2 10,9 12,O 10,7 7,5 9,6 8,O 6,4 

6 1,7 515 617 913 1293 1414 1412 11,2 9,5 3,7 11,O 

I 
Mean 1 a 

Comfnas repregent decimal points. 

,2,0 6,3 9,7 8,9 iO,8 12,9 11,7 11,1 10,8 6,1 9,O 

The mean length and mean weight of tilapias month by month are given in 
Tables 6 and 7. The mean weight of tilapias receiving an animal diet increased 
from 1.2 g at the age of two months to 60 g at the age of 12 months. In experi- 
ments carried out in 1963 in which tilapias received plant food and their rate of 
growth was studied, fish were investigated between the ages of 8 and 14 months. 
The results of these experiments are described in our previous paper (N. V. 
Mironova, see thie collection). As mentioned above, fish receiving an animal 
diet grew more intensively than fish receiving a vegetable diet. 

Aquarium 
No. 

1L6 
2La 
L O  
Lsa 
LlOa 

Mean 
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Age, months . .- 
2 ( 3 1 4 1 5 1  6 )  7 1  8 )  9 ~ 1 0 ~ 1 1 ~ 1 2 ~  

I 
41 62 80 96 110 121 130 142 151 156 Id0 
41 64 81 91 99 116 128 138 146 153 159 
39 64 81 101 111 133 144 152 159 162 166 
40 66 89 103 113 125 131 139 143 147 152 
41 66 84 96 109 - 126 131 136 142 148 

40,4 64,4 83,o 97,4 io8,4 124,o 131 ,8 140,4 147,o 152,o 155,8 



TABLE 7. Mean Weight (in g) of Tilapias of Different Ages 
I 

1,4 
1,4 
1,3 
1,0 
1,1 

Aquarium 
No. 

4,6 10,2 15,5 
5,1  9 , 6  12,8 
5,6 10,7 17,8 
5 ,3  12,6 18,7 
5,4 10,3 16,2 

36 , l  
34,5 
49,O 
36,Q 
33,7 

Age, months 

48,2 
42,9 
57,5 
41,O 
35,6 

Mean 1,2 

6 - 
L , 6  
16,6 
23,4 
24,6 
22,5 

- 
5,2  10,7 16,2 

7 - 
30,O 
26,6 
38,2 
31,1 - 

1 10 
- 
54,8 
49,s 

,6498 
45,7 

21,9 1 31,5 1 38,O 1 45 ,O 1 51 ,O 

11 - 
57,9 
55, l  
67,” 
50,5 
4499 

- 
55,Z - 

12 
- 

62,4 
61,6 
76,1 
5 4 0  
4917 

- 
60,7 - 

Commas represent decimal points. 

Males and females grow equally until the age of 8-9 months. Thereafter, 
females begin to lag behind males appreciably in growth. Differences in weight 
and length increase with age. The mean weight of males aged 12 months in the 
aquaria was 67.7 g, compared with 47.7 g for females. The maximal weight 
reached by one male at the age of 27 months was 227 g. 

REPRODUCTION 

Tilapia mossambica Peters is a species in which the female incubates the 
eggs in her mouth. In the extensive literature on the biology of tilapia there 
are many reports of the necessity of a sandy soil for successful spawning of these 
fish, in which they dig a nest for laying the eggs. In our laboratory, spawning 
and subsequent incubation of the eggs took place successfully not only in aquaria 
with soil and vegetable matter, but also in 40-liter organic glass aquaria without 
soil or plants, and in groups of 4 or more fish. 

The age of the females at the first spawning varies from 5 to 7 months 
(Table 8). Their weight ranges from 2.5 to 13.5 g and their length from 65 to 
90 mm (mean 9.5 g and 83 mm). The frequency of reproduction varies from 
some females to others. On the average for the year for six females the interval 
between spawning was 40 days. It was much shorter for some females. For 
instance, for one female which spawned 11 times from March 16 to November 1, 
the mean interval over this period was only 20 days, varying from 17 to 26 days; 
by February this fish had spawned twice again and the mean interval had in- 
creased to  25 days. The minimal observed interval from one spawning to the 
next was 16 days. Reproduction took place during every month from February to 
January inclusive. 

It is difficult to judge the fertility of the tilapias, because the eggs which 
have been laid are taken by the female into her mouth immediately after fertiliza- 
tion. However, it is possible to judge at least their minimal fertility from the 
number of fry reared from individual spawnings. A case was recorded when a 
female weighing 25 g laid 184 eggs; from a female weighing 30 g 209 young fish 
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were counted. In the ovaries of a female weighing 34 g, 339 eggs were found. 
In the ovaries of a female weighing 46.5 g 400 large eggs and 629 small eggs 
were found. 

2-42 

24,9 

11 
25, 60, 
09, 20 & 

41 

GO c 209 
14 8204  

TABLE 8. Reproduction in Six Female Tilapias from 
February 18, 1963 to February 10, 1964 

1 

2 4 8  24,8 

25,O 24,1 

11 9 
31, 15. 102, 97 8 

184 & 70 149 

- - - - 

Indices 

I - _- -- 
No, of spawnings ........ 
Age at first spawning, 
months. .............. 
Weight, g . .  ........... 
Length, mm ........... 
Mean interyal between 
spawnings, days ........ 
tamin at time of 
spawnin .............. 
t m m  aftime of spawning . . 
tomean at time of 

fc::,furing in- 
cubation.. ............ 
Mean incubation time. 

............. 

Number of larvae 
reared ............... 
Number surviving sixmonths 

a/! 2 

90 & 77 
42 c 77 

13 

6 
11 
88 

25 

21,6 
26,5 

23,9 

24,i  
I 

days ................ 
Fertility. ............. 90, 77 

I 

No. of females 

8 

G 
11 
90 

41 

22,2 
25,9 

9 

5 
10 
82 

4.4 

23.5 
26,4 

9 

6 
9 - 

38 

22,5 
27,7 

I I 

6 

5 
2.5 

65 

71 

22,2 
25; 1 

23,5 

24,o 

9 
Oc41 

- 
c 

- 
4 - 

3 

7 
13,5 
90 

60 

22,5 
28,7 

26,l 

26,1 

- 

- 
- 

__i 

Commas represent decimal points. 

The duration of embryonic development until hatching of the larvae from 
the eggs was six days at a temperature of 23'. The duration of rearing of the 
eggs and larvae by the female (from spawning until liberation of actively 
swimming larvae with absorbed yolk sac) averaged 10 days. 

value of 24.4". 
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Spawning took place at temperatures between 21.6 and 28.7" , with a mean 

For each incubation period the mean water temperature waa calculated on 
the basis of two measurements during the day. The mean temperature for all 
incubation periods was 24.5' , but it varied in individual cases from 21.9 to 
28.6' 
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In 1963 young fish were reared in the laboratory from four layings of eggs. 
The number of fry in these layings was 90, 60, 77 and 209 fish. In the first 
case some of the fry died during the first month of life because of a breakdown 
in the air supply. In the second laying cases of disease were observed among 
the fry. The fry from the 3rd and 4th spawnings and fry reared in 1964 gave a 
survival rate of 100°io. 

The potential ability of the tilapia to increase its population rapidly can 
be judged from the pattern of its reproduction and the high rate of survival of 
its young. 
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On the basis of the demands made on the animal components of the eco- 
logical system which were listed in the introduction the following preliminary 
assessment of the tilapia can be made. 

1. With respect to the percentage of meat contained in its body the 
tilapia is close to other species of fish including the carp. 

2. The tilapia is tolerant with respect to the conditions of its existence 
and, judging from the results obtained, it can live at a high stocking density, 
and under the stipulated temperature and oxygen conditions. 

3. The tilapia can utilize a wide range of food products, both animal and 
plant. It readily eats the green parts of various vegetable plants, and thus 
satisfied one of the principal requirements. 

Because of its frequent reproduction, the tilapia can quickly and regularly 
increase its population. Because of the comparatively high rate of growth, 
there are  good grounds for expecting that this species can provide an adequate 
rate of increase of the total biomass of the population. 

From the foregoing remarks it can be concluded that Tilapia mossambica 
Peters is a promising species for future research for the purpose of introduc- 
ing it as a component in the closed ecological system. 
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EFFECT OF FOOD SUPPLY ON GROWTH OF TILAPIA (TILAPIA 
MOSSAMBICA PETERS) 

N. V. Mironova and T. A. Skvortsova 

The ability of the tropical African fish tilapia (Tilapia mossambica Peters) 
to utilize the green mass of certain p l a t  species was investigated in 1963 (N. V. 
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Mironova. See the present collection). The object of that investigation was to 
discover whether the tilapia can be included in closed ecological systems a8 
transformers of parts of plants not usable by man into first-class food proteins. 
The experiments were carried out on fish aged 8-13 months, i. e. , sexually 
mature. In addition, fish grown in another laboratory and on various foods, in- 
cluding animal food, were used. The results obtained thus gave an idea merely 
of the extent to which the suggested plants could be eaten by the Tilapia and of 
the amounts of them to be included in the diet of fish fed on plant food. 

It was not ascertained whether the tilapia can feed on this range of plants 
at an early age, whether it can live and grow on a purely plant diet, the effect of 
feeding on a plant diet on the size of the young fish, and the nature of the plants 
most readily eaten and producing best growth of the fish. Another interesting 
problem is that of the effect of addition of a small amount of animal food to the 
plant diet on growth of the fish. 
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To answer these questions an experiment was carried out in 1964 in which 
tilapias were grown on various purely plant diets and mixed diets from an early 
age. 

One of the females spawned on April 6, 1964, and produced larvae on April 
24. After three days the larvae were taken from the mother and transferred 
into another aquarium. From that day and until the age of 48 days the larvae re- 
ceived a small amount of vinegar eelworm. In addition, from the 14th day they 
began to receive midge larvae ground in a mortar, and from the 19th day of life, 
ground fresh sorrel. A t  the age of two months all the young fish were measured 
and weighed (weight varied from 0.80 to 2.40 g) , subdivided into nine groups 
each containing 8 fish, and placed in identical aquaria made of organic glass and 
with a volume of 40 liters. Starting from this moment the fish received food 
strictly in accordance with the diet stipulated for each aquarium (Table 1). As 
plant food they received sorrel, beetroot,. radish and cabbage, i. e. , plants be- 
longing to different families. The long vegetation period and the accessibility 
of these plants meant that the fish could be maintained on the chosen diet until 
the age of 7 months. 

All the fish were fed until satiated completely. The diets differed therefore 
not only in quality but also in quantity. Had the fish been given identical weights 
of food, their rates of growth would have reflected only the comparative food 
value of a particular item. The purpose of the experiment was different: to 
establish the quantity of different foods which the fish could consume and the weight 
they could attain when fed on different foods until complete satiation, 
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TABLE 1. Relative Percentages of Animal and Vegetable 
Foods in Diet of Tilapias qf Qiffyrent Groqps in 1964 

Aquarium 
No. 

5th aquar- 
ium 

(1963) 
26 

17 

23 
21 
25 
19 

22 
20 
24 

I_ 

f .- 
L L  

0 

A 

rc 

t 

Z 
El 
- 

60 
8 

8 

8 
8 
8 
8 

8 
8 
8 
- 

0-7 - 
e, s 
24 

3 W  

e, 
2! 
- 

0 
30,2 

73,o 

73,6 
73,8 
72,8 
95,3 

97,7 
97 (9 
97,5 
- 

100 0 
75 25 Sorrel, beetroot, radish, 

25 75 So el beetroot, radish, 

25 75 Beetroot 
25 75 Sorrel 
25 75 Radish and cabbage 
o I 103 Sorrel, beetroot, radish, 

0 103 Beetroot 
o 103 
0 103 Radish and cabbage 

cabbage (green leaves) 
ca%age 

cabbage 

Sorrel ' 

I I .  

Commas represent decimal points. 

Mean monthly 24-hour indices for fishes from different aquaria from 2 to 7 
months of age are given in Table 2. For comparison this table, like all the 
subsequent tables, also include data for young fish grown in 1963 on purely ani- 
mal food. The table show the relationship previously observed (N. V. Mironova, 
see present collection) of a decrease in the 24-hour index with age and a higher 
absolute value of this index in fish receiving plant food only. 

seven months their length and weight were much smaller (Tables 3 and 4). 

less than fish receiving 75 and 100% midge larvae (and in some cases exceeded 
them slightly). - This suggests that to obtain a gain in weight equal to that of 
Tilapias fed on purely animal food, the diet need contain only 25% or perhaps 
less, of animal food. 

Tilapias not receiving animals food grew more slowly and by the age of 

Fish receiving in their diet no more than 25% of midge larvae weighed no /501 

In none of the cased listed above can the diet given to the fish be regarded as 
balanced. The diet was extremely monotonous and could not provide the fish with 
a complete range of essential food substances. Very probably the addition of 
small amounts of substances used for intensifying growth of livestock to the diet 
would probably have resulted in much higher indices of weight increase. 
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TABLE 2. Twenty-four Hour Index of Tilapias for each 
Month of Life (Mean Daily Amount of Food Consumed as 

Percent of Body Weight of Fish) 

- 
11 

11 

18 

19 
27 
20 
28 

32 
44 
32 

- 
8 5 

9 5 

14 12 

14 11 
17 13 
15 13 
19 19 

25 t8 
35 22 
26 22 

4 

3 
'E! c 
100 

75 

25 

25 
25 
25 
0 

0 
0 
0 

- 

_e 

Young 
fish 
1963 
26 

Vegetable 

Sorrel, beetroot, rad- 
!ish, cabbage 
Sorrel, beetroot, rad- 
ish cabbage 
Beckroot 
Sorrel 
Radish and cabbage 
Sorrel, beetroot, rad- 
ish, cabbage 
Beetroot 
Sorrel 

40 

47 

26 

83 

84 

79 

82 
85 
77 
72 

d9 
71 
72 

17 

23 
21 
25 
19 

97 109 122 

103 119 128 

93 105 116 

95 110 122 
101 115 131 
88 102 112 
83 88 95 

79 83 81 
83 94 103 
84 92 101 

22 
20 

75 

25 

25 

100l Radish and cabbage I 24 

25 Sorrel eetroot, rad- 
75 Sorrel, beetroot, rad- 

75 Beetroot 

ish, c&b k age 

ish, cabbage 

- 
2-3 

22 

32 

38 

49 
40 
35 
41 

75 
49 
42 - 

a5 
25 
0 

o 
0 
o 

Age, months 

75 Sorrel 
75 Radish and cabbage 

100 Sorrel, beetroot, rad- 
100 Beetroot 
100 Sorrel 
100 Radish and cabbage 

ish, cabbage 

1 

I 

1-4 

18 

24 

27 

31 
33 
24 
35 

51 
40 
34 - 

TABLE 3. Mean Length of Tilapias for each Month of 
Life (in mm) 

Food from age of 2 months, % 

4 

ii 
B c 

Vegetable 

45. 

Age, months 

- 
3 

- 
64 

67 

62 

66 
67 
63 
61 

57 
60 
61 

- 

I I I  
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TABLE 4. Mean Weight of Tilapias for each Month of 
Life (in g) 

0 

"5 

75 

75 
75 
75 
100 

100 
$00 
100 

Food from age of 2 months,% 

Sorrel, beetroot, rad- 
ish, cabbage 
Sorrel, beetroot, rad- 
ish, cabbage 
Beetroot 
Sorrel 
Radish and cabbage 
Sorrel eetroot, rad- 

Beetroot 
Sorrel 
Radish and cabbage 

ish, cib k age 

--. 
d .I 
- 
z 00 
75 

25 

25 
25 
25 
0 

0 
0 
0 

f r  

% 

s 
k 
.rl 

4 

y$?\%g 
1963 

26 

17 

23 
21 
25 
19 

22 
20 
24 

Vegetable 

E d -  
2-3 

5,8 

9,n 

11,s 

12,8 
11,7 
11,6 
14,4 

31,o 
18,1 
15,l 

8,7 

f,,9 

13,B 

9,O 
15,3 
13,7 
12,7 

M l l  
26,8 
23,O 

i 
.rl El 
k 
Ed 
g 
4 

1963 
21; 

17 

23 
21 
25 
19 

22 
20 
24 

y%%g 

8,O 

5,7 

14,7 

25,O 
13,l 
11,7 

26,7 
23,8 

Commas represent decimal points. 

Age, months 

TABLE 5. Food Index of Tilapias for each Month of Life 
(Ratio Between Raw Weight of Food Eaten Per Month and 

Increase in Weight of Fish during this Period) 

I- 
F-! 1 
- 

100 

75 

25 

25 
25 
25 
0 

0 
0 
0 - 

Food from age of 2 months,% 

Vegetable 

beetroot, rad- 

75 
100 

100 

Sorrel 
Radish and cabbage 
Sorrel p t r o o t ,  rad- 
ish, cdb age 
Beetroot 
Sorrel 
Radish and cabbage 

- 
I 

__. 

30,8 

35,7 

24,7 

32 2 
38,1 
22,5 
13,4 

12,3 
173 
1fJ14 - 

Age, months 

- 
3-4 - 
7,o 

919 

12,2 

1 4 2  
14,6 
12,6 
22,1 

24,5 
27,O 
22,1 - 

- 
6-8 - 

F, ,/t 

7,1 

13,8 

10 '9 
11,4 
11,9 
31,8 

34,8 
24.4 
21,9 I 

Commas represent decimal points, 
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TABLE 6. Mean and Total 
of Seven Months, Total Am 

this Period and Food Index in Relation to Diet 

103 
69,8 
26,6 
2,7 

0 
30.2 
73.4 
91.2 

60 30.8 
8 35.1 

32 29.4 
32 14.8 

1848 
286 
941 
475 

I 

FI 

13118 - 13178 7.1 
1560 675 2235 7,8 
3166 8731 11897 12.6 

23.0 316 11 056 11 372 

Clearly the age at which the tilapias are transferred to a purely vegetable 

The actual amount of the Weren t  foods given to the fish in order to reach 

- /504 
diet is very important. 

an weight is shown in Table 7. These amounts are interesting as 
for such investigations. 

From these figures showing the gain in weight of the tilapias, their gain in 

475 



cn 
0 

0 0 0 0 0  

476 



Body weight, g 

Figure 1. Increase in Weight of Tila- 
pias. 

For a body weight of up to 2 g the 
daily increase in wight is 62 mg/g 
body weight. For a body weight over 
50 g the daily increase falls to 2-7 mg. 

The results of this investigation 
show that tilapias can utilize the green 
mass of higher plants not merely in 
the adult, sexually mature state, but 
also from the age of two (or even 
one) months, when their body weight 
is about 1 g. Thereafter they can 
live and grow for long periods (5 
months) when fed purely on vegetable 
food, even if this consists only of 
.plants of one species. A small ad- 
dition by weight of animal food has 
a Considerable influence under these 
circumstances on the rate of growth, 
doubling it compared with the growth 
of fish receiving vegetable food only. 

__ /505 

The results described above demonstrate the considerable plasticity of 
growth of the tilapia and the possibility of its intensification by the addition of 
small amounts of first-class food (for example, waste products from the fish 
themselves resulting from cooking , Chlorella, and perhaps vitamins). 

growth of the tilapia. 
Further investigations will be carried out to study methods of increasing 
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COMPARISON OF GROWTH OF TILAPIAS (TILAPIA MOSSAMBICA 
PETERS) WHEN FED ON CHLORELLA AND OTHER 

FOODS TWF FS 

N. V. Mironova 

During the investigation of the possibility of including the tilapia in a closed 
ecological system the question of its ability to consume Chlorella, in addition to 
the tops of vegetable plants, utilization of which has previously been established 
[l, 23, must be consideped. Besides demonstrating the possibility of feeding 
tilapias on Chlorella and maintaining them on this food, it is most important to 
establish the gain in weight of the fish attainable on this diet and the value of the 
food index. It has been reported in the Western literature that Tilapia mossam- 
bica - can survive for a long time on Chlor.eUa alone, but under these conditions 
the fish grows slowly and does hot reproduce [SI. 

/505 - 

The first attempts at feeding tilapias on Chlorella were made by the author 
in August 1965. 
laboratory of mass cultivation of algae, BINII, Leningrad State University, for 
which the author is most grateful. 

ChloPella for the experiments was kindly provided by the 

Experiments were carried out initially to determine whether tilapias would 
eat Chlorella. DriedChlorella was given as a 10% additive to tilapias fed on 
sorrel. To prevent its dispersion in water the freeze-dried Chlorella (strain 
No. 4 BINII, June, 1965) was mixed with agar agar (4 g agar agar/100 g 
Chlorella), dried by heat, and shredded. The fish immediately began to eat it 
eagerly, but having taken it into their mouths they often rejected it and it was 
not always easy to ensure that all the Chlprella preparation was eaten. Later, 
the fish were given cotnpressed pieces of frge8e-dried Chlorella. The fish ate 
this so readily that only a very small quantity was wasted in the water. 

The mean weight of three tilapias aged 8 weeks when they began to receive 
Chlorella as a food additive was 10.6 g. By six months their mean weight was 
34.7 g. The gain in weight during feeding for three months on sorrel (go%, 
fresh weight) with addition of Chlorella (10% dry weight) averaged 24.04 g. 
Meanwhile young fish from the same batch of eggs fed oh sorrel alone gained 
20.58 g in weight and attained a weight of 27.9 g. The %-hour and food indices 
for these latter fish were IPilXhh higher (TAble 1)& 

/SO$ 

Hence, addition of ChImBlla to a vegefable &st increased the rate of growth 
of the tilapias and considerably reduced the 24-hour and food indices. 

Later, twoseries of experiments were carried out in which tilapias were fed 
on Chlorella from the earliest age. In both series fish from the same batch of 
eggs were used in the experiment. All  experiments were carried out in identical 
organic glass aquaria 40 liters in volume. The water temperature during the 
first six months of life of the fish varied between 19.4 and 31.3'. These limiting 
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24-hour index food Index 

Age, Sorel 
+ months 

Chorella 

values of temperature were single isolated deviations from the usual mean tem- 
perature. The mean monthly temperature in six aquaria during six months varied 
from 23.8 to 25. 8O. 

I 4  

b 
*& Chopella tn- 

d a3 Sorel 
4- k 

k 
k 0 

Series I consisted of two groups, each containing 10 fish (aquaria Nos. 40 
and 40a). On reaching the age of sexual maturity, the fish in aquarium 40 were 
found to consist of five females and five males, and in aquarium 40a, three fe- 
males and seven males. 

3-4 
4-5 
5-6 

During the first month of life these fish received living vinegar eelworms, 
minced midge larvae as fresh food and freeze-dried Chlorella, firsh meal, and 
dried yeast a15 dried food. The toEal amount of food given during this month was 
not measured. At  the age of one mohth the young fish were weighed fn catches 
of 20 and placed in two aquaria, with 20 fish in each. The mean weight of the 
fish in aquarium No, 40 was 0.183 g and in aquarium No. 40a 0.203 g. Prom 
the age of about two months, 10 fish were left in ea&% aquarium, From the age 
of olne month and until nine months the fish in aquarium 40 Peceitred only free%e- 
dried Chlorella (Chlofella pyrenoidqsat strsine Nu. 4 arid No. 157 BINII, 1965). 

The diet of the fish in aquarium 40a consisted QT 75% Chlof.&la %ad 25% 
fish meal. The total quantity of food was the same in both aquaria. Only after 
the age of 8 months did the tilapias in aquarium 40a begin to eat their food less 
satisfactorily and the total quantity of food eaten by them per month was rather 
less than that eaten by the fish in aquarium 40. The daily ration of dry Ghlorel- 
- la per fish ranged from 0.3 g at the age of two months to 0.6 g at the age of 
7-9 months. 

- /507 

34,2 60,8 22,o 31,4 
28,1 41,7 19,s 28,4 
l0 ,5  24 90 2 3 4  27,2 

Series 11 consisted of four groups each Containing 10 fish (aquaria 41a, 41b, 
41d, 41e). In contrast to series I the larvae were placed in groups of 10 in 
separate aquaria on the 6th day aftef the female ejected them for the first time 
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TABLE 2. Mean Length of Tilapias of Different Ages 
(in mm) 

Food, % 

40 
40a 
44n 
4lb 
41d 
41e 

100 - - - 40,9 74,3 89,4 109,9 124,2 136,2 147,O 157,1 
75 25 - - 52,4 71,2 92,2 109,3 124,2 137,O 147,2 153,5 

100 - - - 47,G G9,2 85,6 107,s 118,9 I 

75 25 - - 47,G G6,8 85,7 98,2 107,8 
50 - 50 - 60,2 86,5 103,8 117,8 12792 - - 100 - 58,1 82.6 98,3 116,7 127,8 

from her mouth. From the same day the fish in each aquarium began to receive 
the stipulated diet with strict quantitative measurement of the food given. In 
aquarium 41a the fish received (just as in aquarium 40) dried Chlorella only. In 
aquarium 418 the diet consisted of 75% Chlorella and 25% fish meal. In aquarium 
41d the fish received 50% Chlorella and 50% of animal food consisting of midge 
larvae, tubifex, Chaobsrus , and a few water fleas. The wantity of living animal 
food was five times greater than the weight of dried Chlorella given (the conver- 
sion factor of five was determined by drying these foodstuffs to constant weight 
in a muffle furnace). Finally, in the fourth aquarium (No. 41e), the fish re- 
ceived animal food only in a quantity 5 times greater than the weight of dried 
Chlorella given to aquarium 41a. The quantity of food given to the fish was thus 
the same when expressed as dry weight, jMSt as in the first series. 

/508 - 

The mean length, mean weight, gain in weight, and the 24-hour and-food 
indices of these fish for each month of life in relation to the diet received are 
given in Tables 2-6. Since the fish of series 11 attained the age of only six 
months, it is possible to compare all these indices only for fish until this age. 

Comparison of the mean weight and the food indices is of the greatest inter- 
est. Table 3 gives data for mem weight; this table shows that the mean weight 
of tilapias fed on Chlorella alone differed only slightly from the mean weight of 
tilapias receiving fish mea% in addition to Chlorella. In both series at the age of 
four months the latter were slightly heavier, but by six months the weight of the 
fish in both aquaria of series I was the same, and in series II the fish fed on 
Chlorella were slightly heavier than those fed on a mixture of Chlorella and fish 
meal. 

- /510 

The differences in weight of the fish at the age of six months were some- 
what greater in the two series. The fish of series I at six months were larger 
than those of series 11. This difference appeared only after the age of 5 months. 
In aquaria 40 and 40a until the age of 9 months no spawning took place, whereas 
in aquarium 41a, after the fish had attained the age of 5 months, three females 
spawned four times over a period of 28 days and in aquarium 41b one case of 
spawning took place in the same period. 
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TABLE 3. Mean Weight of Tilapias of Different Ages (in g) 

1 Food, % I 

Food % 
Q) 
cd 

2 E 8  
& '  
€ i 3  6% "1, 3 

40 100 - - 
40a 75 25 - 
41a 100 - - 
41a 50 - 50 
41e - - 100 

41b 75 25 - 

Age, month 3 

40 103 - - 0,183 2,04 0,40 12965 22,6 3293 
402 75 25 - 0,203 2,48 7,08 13,18 21,F R2,3 
41a 100 - - 0,315 2,28 8,94 12,20 2294 28,7 
4 l b  75 25 -- 0,478 2,92 8,0615,10 20,5 26,5 
416 50 - 50 0,557 3,72 11,94 19,60 28,l 33,8 
41c - - 100 0,423 3,22 11,0218,5 29,1 35,2 

Commas represent decimal points. 

l-lp--- 

i 1 i -2 , /  2-3 

0,183 1,85 4939 
0,203 2,27 5,20 
0,315 1,97 6,66 

0,557 3,17 8,22 
0,423 2,79 7,80 

0,478 2,44 5914 

51,8 62,9 
40,5 55,l L 

TABLE 4. Increase in Weight of Tilapias for each 
Month of Life (in g) 

Age, months 

L_ .---- 

3-4 1 4-5 1 5-6 I 6-1 7-9 8-0 

21,l  11,l 
7,9 5,5 

~ 

Commas represent decimal points. 

Fish from the same batch of eggs receiving living animal food at the same 
age were somewhat 1aPger than fish not receiving this food; the difference how- 
ever, was not great, 33.8-35.2 g compared with 26.5-32.3 g. It is interesting 
to note that fish below the age of four months receiving Chlorella in addition to 
animal food were heavier than tilapias receiving only midge larvae and tubifex. 

The food index calculated per dried foodstuff (i. e. , equal to one-fifth of the 
weight of the living animal food) varied on individual months from 1.0 to 2.7. 
High values of food indices below the age of one month must evidently be attri- 
buted to incomplete consumption of the food, wastage of which could not be es- 
timated. 

48 1 



I I I IS2 
L?r.t,,. . ... c ., % .*v'>..*. .-.* 

l ! i % l % l  I 

8333s: I 
T * @  

48 2 



TABLE 7. Mean Weight of Tilapias, Quantity of Food per 
Fish, and Food Index 

Commas represent decimal points. 

Table 3 shows that the mean weight of tilapias fed on Ghlorella alone (aquar- 

It is interesting to compare the weight attained by tilapias at the age of six 

ium 40) differed very slightly from that of fish fed on living 'b imal  food. 

months when fed on Chlorella and when fed on purely vegetable food. This 
comparison is made in Table 7. 

When examining the data in Table 7 two features must be borne in mind. 
To compare the results of the 1966 experiments on tilapias fed on Chlorella with 
the results of experiments on fish fed on other foods, material obtained during 
investigations in earlier years is also used: aquarium 20 in 1963 and 1964, 
aquaria 32, 35, 37 in 1965. Comparison of the mean weight and food indices for 
fish kept on the same diet shows that in the later experiments higher growth in- 
dices were obtained (in aquarium 37 than in aquarium 20 and in aquarium 32 than 
in the aquaria in 1963). 

In the 1966 experiments fish kept on different diets received the same quan- 
tity of food by weight. Because of the decrease in the food consumption by fish 
in aquarium 1 it was impossible to increase the ration in the other aquaria of 
that series. In aquarium 41e, for instance, the fish ate'hardly any of the midge 
larvae and tubifex given to them; thus preventing an increase in the ration of 
Chlorella in aquaria 41a and 41b. However, the eagerness with which the fish 

P 
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in these aquaria {just as in aquarium 40) ate the Chlorella shows that the quan- 
tity of Chlorella given to the fish could have been increased and, consequently, 
a greater mean weight of the tilapias fed on Chlorella could have been obtained. 

After these remarks we can examine the data in Table 7. The mean weight 
of the tilapias at six months in aquarium 20 and in the 1963 aquaria must be 
regarded as much below the possible weight. Comparison of the weight of fish 
fed on sorrel, Chlorella or animal food in all the other aqyaria, however, shows 
that their weight differed only slightly: fish fed on sorrel 27.9 g, on Chlorella 
with fish meal 26.5 and 32.3 g, fed on pure Chlorella 28.7 and 32.3 g,' fed on 
animal food 35.2 and 44.7 g; the mean weight of the fish fed on Chlorella may be 
increased by increasing the amount of Chlorella given. 

/512 Comparison of the food indices shows that if the food eaten by the fish is - 
expressed as dry substance the food indices for the fish receiving Chlorella and 
for those receiving animal food are of the same order: 1.48-1.70 compared 
with 1.31-1.40. The food indices for fish receiving sorrel, however, are much 
higher (23.4-25.7 per fresh weight of sorrel and 2.93-3.21 when expressed per 
dry substance). 

To sum up, tilapias can eat dried Chlorella (freeze-dried) extremely readily 
and extract it almost completely from the water. At the age of 4-6 months the 
mean consumption was 0.4 g dried Chlorella per fish. On such a diet the fish 
attained a weight close to the weight of fish receiving animal food, Fish re- 
ceiving sorrel with the addition of 10% dried Chlorella attained the same weight. 
Similar remarks apply to the food indices. Chlorella can thus be regarded as a 
first-class food for growth of tilapias intended for human feeding in closed eco- 
logical systems. 
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EFFECT OF VIBRATION AND LINEAR ACCELERATIONS ON FISH 

V.Ya. Marnontm and G.B. Me18nnikov 

There are definite prospecte for including fish in the closed cycle of matter. - /512 
However, this presents problems to the reseamh worker because the inclusion 
of a new link in the ecological system of the spacecraft requires a comprehen- 
sive study of this link, of its relationship to the other links in the process of 
metabolism, and the influence of extreme factors of space flight on it. 

The inclusion of new groups of animals and plants in the closed cycle of 
matter on board the spacecraft calls for the study of the pattern of%heir reac- 
tion to the combination of extreme factors encountered during space flight. 

The object of this investigation was to study the effect of vibration and linear 
overloads on fish in order to examine the influence of these extreme factors on 
them. 

EXPERIMENTAL METHOD 

Experiments were carried out on goldfish (Carassius agratus gibelio Bloch) . /513 
The weight of the experimental fish varied from 49.65 to 131.3 g and their 
length from 16.0 to 21.0 cm. Before the experiment the fish were kept under 
aquarium conditions for the five months of autumh and winter. Before the ex- 
periments began the fish were carefully selected and tagged. The external ap- 
pearance, movements and responses to stimuli of the selected fish were normal, 
Their body surface showed no signs of injury or disease. 

Tests of vibration acceleration were carried out on the YE53GerGte und 
Regeler Werke 20-1000 vibration bench. The fish were kept in an organic glass 
aquarium with a capacity of 9 liters. In experiments with vibrations in the fre- 
quency band 20-300 Hz the aquarium was tightly closed with a lid to prevent the 
water from spilling. In the experiments with frequencies above 300 Hz the 
aquarium was opened. In all the experiments water filled two-thirds of the total 
capacity of the aquarium, so that during vibrations waves were formed in the 
upper layers of the water (depending on the frequency and amplitude of the os- 
cillations), and these exerted a definite additional influence on the fish if they 
came into the zone of these waves. Tests were carried out at the following fre- 
quencies: 20, 30, 50, 70, 80, 100, 300, 500, and 1000 Hz. In all the experi- 
ments vibration accelerations of about 10 units were created. At a given frequency 
of vibration such an acceleration was achieved by increasing the amplitude of the 
waves for 1-2 sec after the beginning of vibration. 

The method mainly used to record behavior of the fish during exposure to 
vibrations was by taking motion pictures at a frame speed of 24/sec. The fol- 
lowing cameras were used to take the pictures: "Rodina" ZKSKh, objective 
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7'5 mm; AK3-4, objective 50 mm. The object was illuminated by two KPL-35 
projectors with a PZh-18 (5 kw) lamp. The filming program was as follows: 
a) to record the state of the fish before exposure to  vibratim pictures were 
taken for 15 sec; b) pictures were taken when the vibration bench was switched 
on auzd thereafter every 15 sec throughout the experiment. The working time of 
the camera in each filming period was 20 see. Hence, during an experiment 
lasting 6 E&, pictures were taken for 4 min; c) 1 0  min after awitching off the 
vibration b9wh pictures were taken for 15 sec to record the aftereffects of vi- 
bratian and also the bitial stages of the period of recovery of normal behavior 
of the experimental fish. 

Experiments in which the fish were exposed to linear overloads were per- 
formed on a centrifuge with maximal radius 500 mm. 

The fish were kept in a hermetically sealed aquarium with capacity 4 liters , 
placed on a special mounting panel. The behavior of the fish during exposure 
to linear overloads ww recorded on motion pictures taken with an AKS-2 
camera, objective 35 mm. The object to be photographed was lit by two illu- 
minators each fitted with 12 SM-15 lamps (2 V, low). The camera, the 
aquarium with the fish, the mounting panel and the illuminators were all placed 
on the platform of the centrifuge. For close-up photography the transition ring 
for the objective was calculated and special conditions of photography worked 
out. In all experiments the fish was exposed to an overload not exceeding 20 
units for various times, not exceeding 10 min. Tests were carried out in two 
vqriantB: I) overloading during acceleration of the centrifuge to the assigned 
speed followed by breaking to a complete halt; 2) prolonged exposure to aver- 
loa@ng of between 2 and 1 0  min. 

The conditions of photography were chosen in accordance with these vari- 
ants. The aquarium in which the experimental fish were placed was filled with 
water in two different ways: 1) to two-thirds of ita capacity; 2) completely. 

RESULT8 AND DISCUSSION 

When starting our study of the effect of vibrations on aquatic organisms we 
could find no references in the literature to the influence of this extreme factor 
on fish. Although the present investigations may be regarded as preliminarily, 
the very first experiments drew attention to certain aspects distinguishing the 
behavior of fish when exposed to vibrations of various frequencies. These were 
due primarily to the properties of the medium in which the fish lived relative 
to different vibrations. Water is , of course, a physical medium in which waves 
spread faster and further than in air. In this respect water resembles a solid 
body in its physical properties. Consequently, the effects of vibrations may be 
expected to be stronger on aquatic organisms than on terrestrial animals. 

brating surface with which they are in contact and the vibration overloading acts 
in the direction in which the surface vibrates, fish in a limited volume of water 
experience the effect of vibration in many directions. The floor, walls and lid 
(if present) of the aquarium all vibrate, and these vibrations are transmitted 

Whereas terrestrial animals experience the action of vibration from a vi- 
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by the column of water to the body of the fish in many directions. In addition, 
when water in an aquarium vibrates , static waves are formed on its surface, 
and if the fish comes into their zone it experiences additional effects from os- 
cillation. Probably in the case of vibration of organisms in water it is impos- 
sible to speak of a strict direction of the vibration overload, more especially 
because the body of the fish is constantly changing its position relative to the 
vibrating walls of the tank. However, the principal direction from the source 
of vibrations and from that wall of the tank in contact with it is chosen. In our 
experiments vibration overloading acted on the body of the fish from below up- 
ward in a ventro-dorsal direction. 

/515 

Another feature to which our attention was directed before the experiments 
began was that fish possess a special organ receiving oscillations of different 
frequencies, and receiving oscillations of low frequencies from 5 to 30 Hz par- 
ticularly well [ 23. This is the lateral line organ with its numerous ramifica- 
tions of nerves along the whole surface of the body of the fish. Consequently, 
rapid excitation of the nervous system of the fish and sharp changes in behavior 
may be expected in view of the direct effect of even weak vibrations on the 
lateral line receptor, and not merely through tactile receptors as in terrestrial 
animals. The third feature to which attention was drawn before the experiments 
is the completely unusual nature of the vibration as the stimulus for fish, al- 
though they are also unusual for other animals. For fish, which under natural 
conditions live in the quiet of deep waters and completely avoid sudden oscilla- 
tions of water in any of its manifestations, vibrations of different frequencies 
and with considerable vibration overloads can be regarded as a powerful extreme 
factor. On these grounds we assumed that exposure of fish to the vibrations 
would have considerable consequences , and this was confirmed by the experi- 
ments. 

Our assessment of the degree of action of vibrations on the fish was based 
on observations on the state of the following physiological function: a) move- 
ment of the gill covers (respiratory rhythm); b) general motor activity; and c) 
the balance reaction (changes in the position of the body of the fish relative to 
normal). 

The experiments showed that vibrations of different frequencies , but with 
equal overloads (about 10 units) and acting for the same time (6 min) gave dif- 
ferent effects on the fish. For instance, vibrations with frequencies within the 
range 20-40 Hz had an effect characterized by an increase in the frequency of 
respiratory movements, sometimes of considerable strength; an increase in 
motor activity from slight general movement to sudden and powerful swimming 
movements. During vibrations with frequencies of 20-40 Hz the fish began to 
dart to different sides of the aquarium as if avoiding the zone of vibration. No 
changes in the balanced reaction were observed. 

Vibrations with frequencies of 50-70 Hz had quite the opposite effect on the 
fish from vibrations with frequencies of 20-40 Hz. The respiratory movements 
became slower, and arrhythmia was observed, varying from a slight degree to 
paroxysmal movements of the gill cover. In experiments with a frequency of 
70 Hz, by the end of the third minute of action of vibration the respiratory 
movements became superficial, and often of "CheyneStokes" type. The motor /516 
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activity was affected just as in response to low frequencies. At the beginning of 
action of vibrations with frequencies of 50-70 Hz, a sharp decrease in motor 
activity was observed. The fish was in a "stunned1' condition, falling to the bot- 
tom of the tank and remaining motionless for 2-3 min. The body of the fish 
listed slightly to the side, although the list was easily corrected during the first 
minutes of exposure to vibration. A further intensification of the vibration gave 
rise to a persistent disturbance of equilibrium. The fish turned over on its side 
and tried to restore the normal position of its body by sharp swimming move- 
ments (Figs. 1, a, b, e). Sometimes circular movements in a vertical plane with 
the fish on its side were observed. After discontinuing vibration the recovery 
period lasted about 1 h before the fish was normal again. 

Figure 1. Action of Vibra- 
tion (50-70 Hz) on Fish (a, 

b, e). 

Frequencies of 80-90 Hz in our experiments 
have the strongest effect on the fish, sometimes 
lethal. Death was observed more than once 5-6 
min after the beginning of vibration. Movements 
of the gill covers became very rapid and paroxys- 
mal during the first minute of the experiment, 
and gradually changed into superficial and hardly 
visible movements. From being sharply in- 
creased initially, motor activity diminished until 
the fish were completely motionless. Only slight 
movements of the fins and tail were observed. 
Severe disturbances took place in the body 
equilibrium of the fish. From a strong list at 
the beginning of the experiment, they developed 
until the fish turned over onto its side, and after 
about 4 min of the experiment , it completely 
lost its balance. The body of the fish assumed 
any position in space, most frequently vertical, 
with its head down, and less frequently horizon- 
tal, on the floor of the aquarium with its ven- 
tral aspect upward (Fig. 2). 

/517 - 

With an increase in the frequency of vibra- 
tion from 100 to 1000 Hz, the effect of vibration 
on the fish became less pronounced. The pat- 
tern observed in experiments with low frequen- 
cies (20-50 Hz) was repeated. 

After the action of vibration was discontinued 
in the experiments, the pattern of recovery of 
the normal state of the fish differed. The in- 
vestigated frequencies also differed sharply 
from one another. After vibrations with fre- 
quencies of 20-30 Hz, complete recovery of 
respiration and of normal swimming move- 

ments was observed within 10-15 min after the experiment. After the action 
of vibrations with frequencies of 50-70 Hz, the recovery period extended for 
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Figure 2. Action of Vibra- 
tion (80-90 Hz) on Fish. 

of vibration of the fish, we 
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Vibrations of six points proved 
lethal to the fish, and this assess- 
ment is made essentially after death 
of the fish either during the experi- 
ment o r  within 1-2 h thereafter. 

Analysis of motion pictures of 
the experiment and of their written 
record shows that the degree of the 
effect of vibration on the fish varied 

between 30 min and 1 h. After vibrations with 
frequencies of 80-90 H z ,  recovery of the nor- 
mal state was prolonged, lasting several hours, 
unless the fish died during the experiment. 
Sometimes, even after complete recovery had 
taken place and all external signs were normal, 
the fish died 1-2 days after the experiment. 

In the character of the recovery period, 
the experiments with vibrations of frequencies 
between 100 and 1000 H z  were similar to those 
with frequencies of 20-50 H z .  For a rapid as- 
sessment of the degree of the general effects 

. a scale based on a six-point system. 

Exposure to vibration of 0-3 points on our scale was tolerated perfectly 
satisfactorily by the fish. This vibration had no significant effect on the subse- 
quent existence of the fish. 

Vibrations of 4-5 points caused serious disturbance of the normal activity 
of the fish (disturbance of movement coordination, loss of balance, disturbance 
of respiratory movements of the gill covers, etc. ) . 
of this type badly, and although recovery of the normal condition of the fish ac- 
cording to external signs was observed, this does not rule out the possibility 
that the internal organs of the fish could have received injuries, the aftereffects 
of which will appear much later. 

The fish tolerated exposure 
/518 
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As mentioned previously in the section "Experimental Method, '' we carried 
out experiments to study the effect of linear overloads caused by rotation on a 
centrifuge on the fish. It must be mentioned at once that these investigations 
were not intended for the purpose of determining limits of tolerance of the fish 
to linear acceleration. It is well known that organisms living in water tolerate 
linear overloads much better than organisms in an air environment. This is 
due primarily to the physical properties of the aquatic environment itself. 
Water considerably attenuates the action of acceleration on the body and the 
overload arising as a result. Because of the water surrounding the fish, the 
overload is uniformly distributed over the whole body, and the fish therefore 
does not experience local effects of overloading on different parts of its body. 
The limits of tolerance to overloads are thereby considerably increased. 

Morris and Beischer 131 showed, for example, that small fish can withstand 
colossal accelerations of up to 10,000 g for 30 sec. Fish can withstand such 
unusually high overloads entirely because of the water surrounding their body. 
Resistance to considerable overloads has also been observed in aquatic inverte- 
brates. 

/519 When studying this problem of tolerance to overloads by aquatic animals, - 

We also set out to determine the character of the behavior of fish when 
exposed to linear overloads. In experiments on the centrifuge the fish were 
exposed to accelerations not exceeding 20 units, but were kept in aquaria filled 
with water up to different levels. In aquaria completely filled with water, after 
the first few seconds of rotation of the centrifuge and of increase of centrifugal 
force, the fish adopted a position so  that the radial acceleration acted sideways, 
transversely to the body axis. It was noted that the fish arched its body in such 
cases to the side opposite to the action of the centrifugal force (Fig. 4). 

Figure 4. Action of Accel- 
eration on Fish in a Com- 
pletely Filled Aquarium. 

of respiration was r.estored 40, 
position and normal swimming 

Sometimes in these experiments the fish 
adopted a similar position of its body, but with 
its ventral aspect uppermost. This is probably 
because in the initial moments of increase of ac- 
celeration the fish makes sudden swimming 
movements, loses its balance, and adopts an 
incorrect position in space 141, fixing its body 
apparently in such a position that it can resist 
the increasing overload. During the action of 
overloads of 10-15 units o r  more, no movements 
of the gill covers whatsoever can be observed. 
It may be postulated that prolonged exposure to 
overloading essentially disturbs the breathing of 
the fish, although it may have suffered no other 
injury. In our experiments the normal rhythm 
-60 min after the procedure, but the normal body 
movements were restored after 1-2 rnin. 

/520 - 

The behavior of the fish was very unusual in experiments in which the 
aquarium was only half or two-thirds filled with water. In these experiments, 
as the centrifugal force increased the water was deflected toward the side wall 
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Figure 5. Action of Accelera- 
tion on Fish in an Aquarium 
Partly Filled with Water  (a, b) . 

of the aquarium (the position of the meniscus 
was vertical). The fish was apparently 
thrown out of the water and found itself in 
the air, where it made sharp movements 
and tried to get back into the water (Figs. 5, 

/521 

a, b). 

This may be explained as follows: in 
our experiments we used a goldfish, the 
specific gravity of which according to data 
given by Yu.G. Aleyev [l], is 1.0-1.01; 
nevertheless, the presence of air in the 
swim bladder makes the central part of the 
fish's body lighter than water, and it is 
left behind when the water moves. This 
causes the body of the fish to curve into an 
arch in the experiments in which the 
aquarium is completely filled with water 
(Fig. 4). It may naturally be assumed that 
fish without a swim bladder, o r  with a very 
small bladder (whose specific gravity is 
much greater than that of water), cannot 
assume such a position. 

The experiments to study the effects of linear overloads thus showed that 
the size of the air cushion in the aquarium is important for the fish. 

If acceleration acts for a long time on a fish whose body has a specific 
gravity equal to that of water and large swim bladder, placed in an aquarium 
with a large air cushionj death of the fish may be hastened by its being thrown 
out of the water and being exposed to the action of acceleration in an environ- 
ment of air, preventing the alleviating influence of the water surrounding the 
body of the fish. 

Linear overloads of 20 units acting for a period of from 2 to 10 min are 
tolerated by fish with comparative ease. However, allowance must be made 
for the Bxtent to which the vessel in which the fish is kept is filled with water, 
and for the specific gravities of the experimental fish. 

' 
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ACTION OF ?/-RAYS AND PROTONS ON CHLORELLA 

I. D. Anikeyeva, E.N. Vaulina and V. A. Shevchenko 

Investigations conducted on a strict radiobiological plane for the quantitative 
estimation of the radioresistance of Chlorella have been published recently [ 1 - 
61. 

They include studies of the action of ultraviolet rays on the survival rate 
and mutation of Chlorella. The radiosensitivity of Chlorella (LD50) was found 
to vary for different strains and under slightly different experimental conditions 
from 9 to 15 kR. 

/522 

The object of this investigation was to study the action of protons and y- 
rays on the survival and mutation rates of Chlorella. 

Experiments were performed on Chlorella vulgaris strain LARG-1. A sus- 
pension was synchronized in the usual manner L l ]  and 2 ml of it sealed into 
glass ampules 5 cm in volume. The density of the suspension was 1.10 cells/ 
ml. The ampules were then wrapped in dark paper, in which they were irra- 
diated and kept until required for seeding. 

The cells were irradiated with Co 

3 6 

60 y-rays and protons with an energy of 
660 MeV. The doses of protons and y-rays used were equal and the periods of 
irradiation were similar. The doses used ranged from 500 to 50, 000 rad. After 
irradiation the cells were seeded on Tamiya's solid medium and incubated, 
The relationship between the survival and mutation rates and doses used was 
investigated by the method of macrocolonies , and death at different stages of 
development of the cells was analyzed by the method of microcolonies [l]. 

Results of the experiments to determine the relationship between the sur- 
vival rate of Chlorella and the dose of protons and y-rays are plotted in Fig. 1 
on a semilogarithmic scale. The experimental results were analyzed by sta- 
tistical methods. Lines of regression of the logarithm of the survival rate, in 
%, against dose, calculated for straight-line portions of the dose-effect curve, 
are shown on this figure. All the experimental results lie within 95% confi- 
dence limits. 

The regression equation for protons is as follows: y = 2.154 - O.O63x, 
where y represents the logarithm of the survival rate of Chlorella for a dose x. 
The value of LD50 is determined from the regression equation, and is 7.2 krad. 
Data for the survival rate of Chlorella during exposure to different doses of 
F r a y s  were very close to the results obtained during irradiation of Chlorella 
with x-rays [SI. The regression equation for the action of y-rays is as follows: 
y = 2.153 - 0.041 x. From this equation, LD50 for y-rays is 11.5 h a d .  
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Figure 1. Survival Rate of Chlorella Cells after 
Exposure to y-rays (1) and Protons (2). 
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Figure 2 .  Mutation Rate of Chlorella as a Func- 
tion of Dose of y-rays (1) and Protons (2 ) .  
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Protons thus have a stronger inactivating action on Chlorella cells have y-rays. 
The relative biological effect (RBE) of protons relative to y-rays in our experi- 
ments is 1.60. Relative to x-rays, using data previously obtained [ S I ,  RBE 
for strain LARG-1 is 1.52. When a Chlorella culture was irradiated with pro- 
tons in a dose of 25 krad and the cells were subsequently fed in a liquid me- 
dium under standard conditions of cultivation (illumination about 10,000 Ix, t = 
34" , ventilation with a mixture of air and 1.52-2.0% CO ) , the reproductive 
power was restored on the 16th day. 

2 

The relationship between mutation rate of cells of strain LARG-1 and dose 
is shown in Fig. 2 and Table 1. The dose-mutation rate curves for the cells 
obtained during exposure to y-rays and protons are similar in shape. 

Initially the percentage of mutations rises proportionally to the dose, after 
which saturation takes place. Up to a dose of 10 krad inclusive, the mutagenic 
action of protons exceeds that of y-rays significantly, but later the difference 
is no longer significant. However, comparison of the mutation rate induced by 
?-rays and protons for egral survival rate shows that y-rays cause a higher 

7.8% of mutations compared with 3.7% induced by protons. It thus follows that 
y-rays give a higher ratio of visible to lethal mutations than protons. 

- /523 
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STUDY OF REGENERATION OF AIR AND WATER BY HIGHER 
PLANTS IN A CLOSED SPACE 

N. T. Nilovskaya and M. M. Bokovaya 

A promising method of hfiman life support during long space flights is the 
use of autotrophic organisms for the regeneration of food, water and oxygen. 

The object of the present investigation was to study gas and water exchange 
of a series of cultivated vegetables likely to be used in spacecraft and interplane- 
tary stations. 

Determination of gas exchange has most frequently been carried out on in- 
divfdual leaves, and this does not permit assessment of oxygen production and 
carbon dioxide assimilation by whole plants, still less by cenoses [3,7, 8, 10, 
131. 

To construct reliable systems on the basis of photoautotrophic organisms 
a precise analysis of the gas exchange of the plants to be cultivated in space- 
craft cabins in relation to their age, planting density, time of day, level and 
duration of illumination, and also temperature, humidity and other factors of the 
external environment must be made. Characteristics of the gas exchange of 
plants can be obtained most reliably and accurately not by periodic measure- 
ments, but by continuous recording of the intensity of photosynthesis and res - 
piration of the plants [1 , 11-14]. 

It is also essential to investigate water metabolism (transpiration and water 
absorption) of plants grown in airtight spaces equally carefully and under differ- 
ent external conditions in order to determine quantitatively the ability of the 
plant to regenerate water. The chemical characteristics of transpiration water 
are hardly mentioned in the literature. For our purposes it is absolutely es- 
sential to have such an analysis from the point of view of its suitability for 
drinking by man. 

To study the gas and water exchange of some potentially suitable plants for 
ecological systems we carried out a series of experiments with continuous re- 
cording of these processes for 3-5 days. The experiments were carried out in 
a specially constructed hermetically sealed apparatus In which conditions favor- 
able for activity of living plants as regards temperature, humidity, light, car- 
bon dioxide and supply of minerals were maintained. 

DESCRIPTION OF APPARATUS 

The apparatus consists of the following main units (Fig. 1) : 

1) An airtight assimilation chamber; 
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Figure 1. Theoretical Scheme of Apparatus for Studying Gas 
and Water Exchange of Higher Plants: 1) Chamber Contain- 
ing Plants; 2) Gas Dryer; 3) Gas Analyzer; 4) Pump; 5) EPP- 
09-M2 Potentiometer; 6 )  Electromagnetic Valve for C02 Sup- 
ply; 7) Electromagentic Valve for  Dissipating Excess Pressure; 
8) C02 Cylinder; 9) Pressure Reducer; 10) Metal Capillary 
Tube; 11) Receiver; 12) Rheometer; 13) Source of Light; 14) 
and 15) Clamps; 16) Fan; 17) Water  Collector; 18) Manome- 

ter;  19) Cooler; 20) Water Screen. 

2) A unit for automatic supply and recording of carbon dioxide; 
3) A cooling system for the chamber; 

4) A lighting system; 
5) A control unit and auxiliary equipment. 

The assimilation chamber, 180 liters in capacity and 28 dm in area, is 2 

made of organic glass and secured hermetically to a plastic floor by means of 
flanges, bolts and rubber washers. 

A hygrograph and laboratory thermometer for checking the air temperature 
and humidity are placed in the chamber. A fan ensures better mixing of the 
gases in the chamber. Two pipes are provided for connecting the inlet and outlet 
of the gas analyzer. The assimilation chamber is connected to a manometer. A 
special pipe is connected to a flask for collecting condensed moisture. 

Changes in carbon dioxide concentration are recorded by a "URAS" infrared 
optico-acoustic gas analyzer with measuring scale from 0 to 0.5% and a rela- 
tive accuracy of measurement of 1.6%. 

Depending on the character of the investigations, it was necessary not only 
to record the C02 concentration in the chamber but also to maintain it at a cer- 
tain level. This was done by replacing the recording system of the gas analyzer 
by a type EPP-O9-M2 electrotonic potentiometer, which is not only an automatic 
writer, but also a position regulator. On receipt of a signal from the potentiom- 
eter, C02 was supplied from the cylinder through an electromagnetic valve 
EKR -3 
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This apparatus provides a means of recording the carbon dioxide concen- 
tration in the system Over a wide (0-5%) and also a very narrow (0-0.01%) 
range. To ensure better mixing, the carbon dioxide is supplied through a pipe 
into the upper part of the chamber. Air in the chamber is mixed by a fan. 

To dissipate excess pressure from the chamber resulting from addition of 
carbon dioxide a second electromagnetic EKR-3 is used, and opens simultan- 
eously with the first on receipt of the signal from the potentiometer. The prin- 
ciple of automatic recording of COS in the system was developed and described 
by V. I. Rozhdestvenskiy, V. G. Chuchkin and A. F. Kreshnin [9]. 

To regulate the rate of carbon dioxide supply a pressure reducer, capillary 
tube and rheometer are used. Circulation of the air through the closed circuit 
from the chamber to the gas analyzer is effected by a membrane pump and main- 
tained at the level of 30 liters/hour. 

To regulate the temperature in the chamber within the limits of 23 f3', and 
to control condensation of moisture and maintain the humidity at not more than 
80 +lo%, a cooling system of brass tubes through which colc! tap water circulates 
is provided. 

In addition, if the temperature rises above 26O the chamber is cooled by two 
alternately operating air-conditioning units of the "Azerbaydzhan-2" type. 

The source of light in the experiment consisted of type 3N-8 incandescent 
lamps. To remove infrared radiation the lamps were immersed in a water 
screen with a water layer of 30 cm. Water from the town supply is fed into the 
water screen through two EKR-3 electromagnetic valves operated by a contact 
thermometer when the water temperature is 25'. The hot water runs away to 
waste through the top pipe. 

- /527 

The intensity of physiological radiation was measured by a differential 
2 thermopile, and at the level of the topmost leaves it was 300 210 W/m . 

EXPERIMENTAL METHOD AND CALCULATION OF GAS EXCHANGE 
OF PLANTS 

To study the regeneration of air and water the following plants were chosen: 
culinary beetroot variety Bordeaux, sugar beet variety Belaya (White), carrot 
variety Nantes , cabbage variety No. 1, Chinese cabbage variety Khibinskaya, 
potato variety Lorkh, pea variety Pioner (Pioneer), haricot bean variety 
Sakharnaya (Sugary), radish variety pink-red with white tip, lettuce variety 
Berlin, beans variety Russkiye Chernyye (Black Russian), soybean variety 
Primorskaya 529 (Maritime 529). 

with the plants were placed in large vessels containing Abele's nutrient solution 
(a full range of major and trace elements). 

The plants were grown in flower pots filled with vermiculite. The pots 
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The plants were grown with illumination for 18 hours (from 6 AM to mid- 
night) and 6 hours darkness. 

Most plants were used in the experiment at the age of 2 months, but the 
Chinese cabbage, lettuce and radish were grown for 30 days before the experi- 
ment. On reaching this age several plants were placed in the assimilation 
chamber for 3-5 days to determine the intensity of gas and water exchange. 

In all the experiments the total leaf area of all the experimental plants was 
approximately three times the floor area of the assimilation chamber. 

After the plants had been placed in the apparatus the airtightness of the 
whole system was carefully checked. 

At the beginning of the experiment the optimal C02 concentration was 
determined for each culture within the range 0.05-0.5%. For this purpose, the 
intensity of photosynthesis of the experimental plants was calculated for differ - 
ent C02 concentrations in the system and the saturation level of photosynthesis 
with respect to C02 was determined. 

C02. The concentration found was maintained during the following days of the 
experiment. 

For most of the investigated species saturation took place at 0.15-0.3% 

The gas exchange of the plants was calculated from the formula: 

2 where P represents the intensity of gas exchange in mg C02/dm leaf/hour; v 
the volume of the system (subtracting the volumes of articles within the cham- 
ber), P the initial C02 concentration (in %) ; P2 the final C02 concentration 
(in %); A t  the time of change of CO concentration (in hours); S the area of the 
leaves (in dm ); d the specific gravity of C02 (in mg/liter). 

1 

2 2 

A sample recording on the potentiometer tape of the change in C02 con- 
centration during photosynthesis in sugar beet is given in Fig. 2. To calculate 
the intensity of photosynthesis over each segment of the curve the initial and 
final CO concentrations were determined. In this particular case P was 

2 1 
0.435% C02, P2 0.325% CO and A t  10 min. As  Fig. 2 shows, the intensity of 
photosynthesis per hour was calculated as the mean of four repetitions. 
a narrower range of CO concentration in the system (for example, AC = 

0.05%), the number of repetitions can be increased to 8 or 9. 

2 
Over 

2 
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Figure 2. Sample Record- 
ing of Change in C02 Con- 
centration During Photo- 
synthesis in Sugar. Beet. 

The leaf area was determined as follows: 
outlines of the leaves were traced on squared 
paper, cut out and weighed. Subsequent cal- 
culations were made on the basis of the weight 

of 1 d m  of squared paper. 2 

After each experiment the quantity of water 
in the water collector was determined and the 
water itself was analyzed chemically. 

EXPERIMENTAL RESULTS 

Our experiments using different vegetable 
plants showed that the mean values of carbon 
dioxide assimilation calculated per dm2 leaf 
area varied for the different species (Table 1). 

As  Table 1 shows, the most intensive assimi- 
2 lation of carbon dioxide, up to 30-37 mg/C02/dm 

O H  was found with beetroot and sugar beet. Low carbon dioxide assimilation of 
the order of 6-10 mg C02/dm -H was obtained with lettuce, haricot bean and 
pea. With this group of external factors in which the experimental plants were 
grown, low values of intensity of photosynthesis were obtained. This may be at- 
tributed to the fact that in our experiments gas exchange was not determined for 
each leaf separately but for a complete group of plants. In this case the plants 
constitute a complex optical system of leaves, arranged in several layers with a 
total leaf area on the average more than three times greater than the floor area 
of the assimilation chamber. With illumination only from above, as in these 
experiments, all the leaves of the plants were not in identical conditions of irra- 
diation. Only the topmost and peripheral leaves received adequate light, while 
the shaded leaves received inadequate illumination. The intensity of luminous 
flux passing through the thickness of one leaf is only 0.1 - 0.25 of the initial 
value of the direct radiation [SI. Consequently, if the topmost leaves received 

2 300 W/m the intensity of illumination of the shaded leaves was several times 
smaller, and this resulted in a corresponding decrease in the rate of C02 as- 
similation. 

2 

To determine the relationship between the intensity of gas exchange and 
the total leaf area of the plants and, consequently, on their intensity of illumi- 
nation, special experiments were carried out with Chinese cabbage. 

/529 

2 Three plants aged two months with identical leaf area (20 d m  each) were 
chosen for the experiment. Two experiments were performed. In the first the 
intensity of C02 assimilation by the cabbage was studied when one plant was 
placed in the experimental chamber, i. e. , under conditions of good illumination 
of the complete leaf surface. In this case the carbon dioxide assimilation 

/530 
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TABLE 1. Intensity of Gas Exchange of Experimental 
Plants (mean values during period of daylight) 

Plant 

Lettuce ......... 
Chinese cabbage ... 
Radish. ......... 
Pea. ........... 
Beetroot. ........ 
Sugar beet ....... 
Haricot bean. ..... 
Soybean ......... 
Carrot, ......... 
Bean ........... 
Cabbage ......... 
Potato .......... 

8 
12 
16 
10 
30 
37 
6 

28 
21 
12 
15 
12 

W N  

2= 
3$- 
82 
109 
84 
75,4 
70 
78,4 
71,4 
81 
88,8 
80 
97 
74 
89 

(2% assimi- 
lation per 
hour calcula- 
ted per total 

leaf area 

Commas represent decimal points. 

2 calculated per dm leaf area was 22 mg C02/hour. In the second experiment 
2 three plants with a total area of 56 dm were placed in the chamber and the in- 

tensity of assimilation per dm leaf surface was reduced by half (Fig. 3). It 
must be remembered that these experiments were carried out with identical 
light, C 0 2  concentration, temperature, and other conditions. On the basis of 
these experiments it can be assumed that a leaf area not exceeding the area of 
the assimilation chamber gave the highest work intensity. Consequently, under 
the experimental conditions when the total leaf area was on the average three 
times greater than the area of the chamber, the plants did not completely uti- 
lize their potential capacity because of inadequate illumination of the complete 
leaf surface. It may be considered that if uniform illumination of all leaves 
of the plants could be ensured by placing sources of light within the cultivated 
area, the intensity of gas exchange of the plants could be considerably in- 
creased. 

2 
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24 k 

Figure 3. Intensity 
of Photosynthesis of 
Chinese Cabbage for 
Leaf Areas of 20 (1) 

2 and 40 dm (2). 

To establish the essential sowing areas to provide 
for the oxygen demands of the spacecraft crew, the gas 
exchange of all plants in the experiment must be known, 
calculated per total leaf area. 

It follows from Table 1 that most vegetable plants 
(potato, cabbage and Chinese cabbage, beans, radish), 
if an area of 1 m is sown, assimilate on the average 
about 4 g C02 per hour, while for beetroot and sugar 
beet these values are doubled. 

2 

To calculate the gas exchange of the plants in the 
24-hour period, the diurnal rhythm of C 0 2  assimilation 
and oxygen excretion must be taken into account. 

A characteristic feature of the diurnal course of 
gas exchange of most of the investigated plants is the 
midday depression, lasting 3-4 hours starting from 11 
A.M. to noon. A typical diurnal course of gas ex- 

change of most experimental plants as exemplified by beetroot is shown in Fig. 
4. Analysis of the curve reveals that immediately after the period of darkness 
the intensity of carbon dioxide assimilation rises for 4-5 hours. This is followed 
by depression when the assimilation falls by 4-5 mg C02/dm *h, and between 3 2 /531 

Mg C02/dm2- h 

L 
? 

4 

2 .  
ID t4 I8 22, 
- L 

2 

.* ‘ Figure 4. Gas Exchange of Beetroot. 
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4 P.M. it rises again. The decrease in assimilation at midday is probably as- 
sociated with accumulation of products of photosynthesis in the leaves and inter- 
ference with their outflow into other parts of the plant. The size of this midday 
“trough” of carbon dioxide assimilation depends on the intensity of illumination 
(Fig. 5). For sugar beet with a luminous flux of 300 W/m2 the intensity of gas 

2 exchange at midday falls by 3-4 mg C02/dm ’h, whereas for sugar beet grown 
in 150 W/m2, the trough is hardly visible (1-2 mg C02). 

It is an interesting fact that a 
change in illumination intensity from 
150 to 300 W/m should cause an in- 
crease in assimilation of carbon diox- 
ide of three times or more. 

2 ~~ --v-- 
/------- 2 

3 
34 

MgCOddm2, H 

To determine the 24-hour pro- 
ductivity of higher plants, besides C 0 2  

exchange of the plants during the night 
must also be taken into account. At 

~~ , , ;-., ‘.-e/ 

4 i I l * , , l I L  assimilation during daylight, the gas 
f3 f4 4 16 17 f8 1.5 20 21 k? 2.7 

Hours 
night, in the absence of light, proces- 
ses of respiration take place in plants, 

dioxide and assimilate oxygen. 

Figure 5. Diurnal Course of Photo- 

Intensities of Light, 1) 300 and 2) 
synthesis Of Sugar Beet in Different &ring which the plants excrete carbon 

150 W/m2. 
Nocturnal gas exchange, like 

diurnal, has a specific rhythm. In our 
experiments the character of the gas 

exchange curves during the night showed little difference for the various species. 
At the beginning of the night C 0 2  excretion was most intensive and thereafter it 
gradually decreased, falling to a minimum by morning. 

As  Table 2 shows, the intensity of respiration differs in higher plants: the 
higher the carbon dioxide assimilation by day, the more intensive its excretion 
by night, In the case of beetroot, for example, the mean intensity of assimila- 
tion was 30 mg C02/dm eh, while a t  night the mean excretion was 5 . 5  mg C02/ 

2 dm h. For lettuce, the intensity of diurnal carbon dioxide assimilation was 8 

mg C02/dm2* h and the nocturnal excretion was 2.4 mg C02/dm oh. 

2 

2 

The relationship between C02 assimilation by day and its excretion by 
night can be seen in Fig. 4. Calculations show that for most species under the 
experimental conditions used the mean nocturnal excretion of carbon dioxide 
was 44% of the intensity of its assimilation during daylight (Table 3). 

By integrating the areas of the curves for the course of intensity of 24-hour 
gas exchange of the plants (Fig. 4),  plotted from readings oh squared paper tape, 

/532 - 

/533 - 
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TABLE 2. Intensity of Gas Exchange of Various Vegetable 
2 Plants by Night (in mg C02/dm ch) 

Plant 

Lettuce ......... 
Chinese cabbage . . .  
Sugar beet ....... 
Beetroot. . . . . . . . .  
Soybean ......... 
Beans . . . . . . . . . .  
Radish. . . . . . . . . .  
Pea.. . . . . . . . . . .  
Carrot. . . . . . . . . .  
Potato . . . . . . . . . .  
Cabbage . . . . . . . . .  
Haricot bean. ..... 

Time, hours 

- 
1 - 

3,03 
2,70 
5,72 
10,32 
5,38 
4,68 
3,17 
2,15 
5,28 
3,68 
3,10 
2,15 

2 

3,18 
2,27 
5.70 
I ,80 
5,44 
3.71 
2990 
2,20 
5,17 
3,40 
3 
2960 

- 

8 

2,89 
1,83 
4,44 
6,11 
4,90 
3,21 
2,85 
2 
4,70 
2,95 
2,17 
2,62 

- 

4 

292 
1,62 
4,13 
4,13 
4,69 
2980 
2,34 
1,73 
4,OO 
2,80 
1,93 
2,40 

- 
5 

1,82 
1,11 
2,19 
2,90 
4,23 
2,51 
1,95 
1.50 
3,50 
2,48 
1,25 
290 

Comma represent decimal points. 

the gas exchange of the plants during the days of the experiment can be calcu- 
lated. These results are given in Table 3. 

Highest values of carbon dioxide assimilation were found with beetroot and 
2 2 sugar beet, namely 128-145 g COZ/m . Assimilation of the order of 70-90 g/m 

was observed with beans, soybean and carrot. 

Under these experimental conditions , i. e. , with humidity of the order of 
SO-SO%, temperature 20-26O, intensity of luminous flux of 300 W/m2 , and 
with an air circulation speed of 30 liters/hour and the other factors provided in 

2 
the experiment, the intensity of transpiration was low, namely 19-40 g/m leaf 
area (Table 4). 

With these values of transpiration intensity, the studied plants would yield 
1.5-2.5 liters water per square meter of sown area per day and would com- 
pletely satisfy the water requirements of a map. Furthermore, the quality of 
the condensate, as shown by preliminary analyses carried aut by S. V. Chizhov 
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TABLE 3. Gas Exchange of Various Vegetable Plants per 
24 Hours Calculated per Total Leaf Area  

12,BG 
14,l 
18,G 
10,GD 
35,75 
40,54 

G,62 
27,10 
24,7 
18,43 
17,OG 
16,27 

Plant 

- 

45,9 
50,3G 
GO,K3 
%,I8 

127,7 
1&,7 
S,64 
07,10 
89,28 
05,79 
G0,92 
58,iO 

Lettuce . . . . . . . . .  
Chinese cabbage . . .  
Radish.. . . . . . . . .  
Pea . .  . . . . . . . . . .  
Beetroot. . . . . . . . .  
Sugar beet . . . . . . .  
'Haricot bean, . . . . .  
Soybean.. . . . . . . .  
Carrot. . . . . . . . . .  
Beans .......... 
Cabbage. . . . . . . . .  
Potato. . . . . . . . . .  

Plant 

Lettuce . . . . . . . . .  
Chinese cabbage . . .  
Radish. . . . . . . . . .  
Pea. . . . . 
Beetroot. . . . . . . . .  
Sugar beet . . . . . . .  
Haricot bean. . . . . .  
Soybean . . . . . . . . .  
Carrot. . . . . . . . . .  
Beans . . . . . . . . . .  
Cabbage. . . . . . . . .  
POtato . . . . . . . . . .  

~~ 

C02 assimi- 
lated in 24 h 

Is B m *  €i 
rl 

 IO!),^ 24,oo 12,110 ~ O G , / I  1831 
g 4 , o  :~5,60 t2,oo 712,~  25116 
75,h 2 1 , ~  8,12 m , ~  1577 
70,O 15,78 9.07 338,4 1208 
78,4 28,03 17,28 6;)8,2 2172 
71,4 27,OO 13,m 504,9 2017 
81,o ~ , 5 o  q 7 0  4 1 5 ~  1482 
6833 2 5 , ~  10,54 518,4 4851 
83,O 2 5 ~ ~  15,52 5m,6 IDM 
97,O 3 1 , : ~ ~  1244 ~50,4 2322 
74,o 33.23 i 4 , n  7224  2580 
80,O 19,57 12,10 424,s 1517 

Commas represent decimal points. 
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and co-wmkers, differs only slightly from the accepted standards for drinking 
water. 

It must be stressed yet again that the data given in this paper for the gas 
exchange and water excretion of the selected plants are characteristic of 
mature plants with a developed leaf surface and grown as a single crop. When 
these indices are calculated for the conditions of the spacecraft greenhouse, 
allowance must be made for the relative percentages and planting density of 
the various vegetable plants and also the relative ages of the plants when grown 
in the conveyer. 

of Biological Sciences, for his help and valuable advice in this investigation. 
In conclusion, the authors are grateful to Professor A. F. Kreshnin, Doctor 
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